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PREFACE 


Research  and  development  (R&D)  efforts  on  pulsed  detonation  engines 
(PDEs)  are  continuously  gaining  momentum  that  is  indicated  by  the  increasing 
number  of  publications  on  the  topic  world-wide.  The  PDEs  are  attractive  due 
to  their  apparent  simplicity  and  operation  on  a  more  efficient  nearly  constant- 
volume  thermodynamic  cycle.  It  is  anticipated  that  PDEs,  when  commercially 
available,  will  be  able  to  compete  with  modern  gas-turbine  propulsion  devices 
and  solid  propellant  engines,  particularly  in  unmanned  single-use  applications, 
aircraft  afterburners  and  boosters.  However,  at  this  stage  of  our  knowledge’ 
there  are  still  a  number  of  unsolved  fundamental  issues  in  pulsed  detonation 
phenomena  as  applied  to  propulsion.  The  major  issues  are  the  reliable  mixing 
of  fuel  with  air  in  a  frequently  reverberating  flow  and  repeated  detonation  initi¬ 
ation  in  liquid  fuel  sprays  with  relatively  weak  on-board  ignition  sources.  Other 
issues  deal  with  transient  heat  transfer,  on-board  energy  recovery,  controllability 
of  the  operating  processes  at  variable  flight  conditions,  integration  of  diffusers 
and  nozzles,  noise,  emission,  etc.  This  book  is  aimed  at  contributing  towards 
better  understanding  of  the  physical  and  chemical  phenomena  that  govern  prop¬ 
agating  high-speed  deflagrations  and  detonations,  in  particular  those  in  PDE 
demonstrators  and  in  a  PDE  environment.  Written  by  international  experts, 
this  book  provides  a  whole  spectrum  of  R&D  approaches  and  achievements  that 
can  be  utilized  in  future  propulsion  systems  operating  on  high-speed  deflagration 
and/or  detonation  modes. 

This  book  contains  selected  contributions  presented  at  the  International  Col¬ 
loquium  on  Control  of  Detonation  Processes  held  in  Moscow,  Russia,  July  4-7, 
2000.  The  Colloquium  was  co-sponsored  by  the  U.S.  Office  of  Naval  Research 
(ONR)*,  the  ONR  International  Field  Office  Europe*,  European  Research  Of¬ 
fice  of  the  U.S.  Army*,  Scientific  Council  on  Combustion  and  Explosion  of  the 
Presidium  of  the  Russian  Academy  of  Sciences,  and  the  Russian  Foundation  for 
Basic  Research.  The  support  of  these  agencies  is  acknowledged.  The  twenty 

*Tlie  content  of  the  information  does  not  necessarily  reflect  the  position  of  the  United  States 
(government  and  no  official  endorsement  should  be  inferred. 


two  selected  papers  included  in  the  book  were  thoroughly  revised  and  edited, 
and  presented  in  a  unified  format  as  book  chapters  with  the  “fiow”  one  expects 
in  a  textbook.  With  the  extensive  reviews  and  lists  of  references  provided,  the 
book  will  be  useful  for  researchers  and  R&D  engineers,  as  well  as  for  faculty  and 
graduate  students,  involved  in  this  field  of  science  and  technology. 

The  excellent  work  of  Ms.  Olga  Frolova,  Ms.  Tatiana  Torzhkova,  Ms.  Lyud¬ 
mila  Kokushkina,  and  Ms.  Marina  Sedakova  of  the  ELEX-KM  Publishers  and 
their  close  cooperation  with  the  editors  during  production  of  the  book  are  grate¬ 
fully  acknowledged.  We  are  thankful  to  Academician  A.  G.  Merzhanov,  Academi¬ 
cian  N.A.  Plate,  and  Academician  M.V.  Alfimov,  Prof.  S.  A.  Tsypnov,  Prof. 
N.N.  Smirnov  and  Prof.  Yu.  A.  Gordopolov  who  helped  in  organizing  and  con¬ 
ducting  the  Colloquium.  We  thank  the  authors  for  their  valuable  contributions, 
and  for  their  time  and  effort  which  made  this  volume  possible. 


Gabriel  D.  Roy 
Sergei  M.  Frolov 
David  W.  Netzer 
Anatolii  A.  Borisov 

June  2001 
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INTRODUCTION 


Early  attempts  to  utilize  the  power  obtained  from  explosions  for  peaceful  appli¬ 
cations  date  back  to  late  17th  -  early  18th  centuries  and  the  contributions  of 
C.  Huygens  and  J.  Allen  are  noteworthy.  In  1729,  John  Allen  proposed  a  jet 
propelled  ship  [1]  “whose  operation  is  owing  to  the  explosion  of  gunpov^der”  in 
a  proper  engine  placed  within  a  ship.  Before  this  archival  contribution,  gun¬ 
powder  was  predominantly  used  in  artillery  for  destructive  purposes.  Later  on, 
S.  Carnot  (1796—1832)  has  formulated  the  main  principles  that  govern  the  devel¬ 
opment  of  novel  propulsion  devices  and  provided  guidance  to  the  developers  [2]; 
they  remain  valid  so  far: 

"We  should  not  expect  ever  to  realize  in  practice  ail  the  motive  power  of 
combustibles.  The  attempts  made  to  attain  this  result  would  be  far  more 
hurtful  than  useful  if  they  caused  other  important  considerations  to  be 
neglected.  The  economy  of  the  combustible  is  only  one  of  the  conditions 
to  be  fulfilled  in  heat-engines.  In  many  cases  it  is  only  secondary.  It 
should  often  give  precedence  to  safety,  to  strength,  to  the  durability  of 
the  engine,  to  the  small  space  which  it  must  occupy,  to  the  small  cost  of 
installation,  etc.  To  know  how  to  appreciate  in  each  case,  at  their  true 
value,  the  considerations  of  convenience  and  economy  which  may  present 
themselves;  to  know  how  to  discern  the  more  important  of  those  which  are 
only  secondary,  in  order  to  attain  the  best  results  by  the  simplest  means: 
such  should  be  the  leading  characteristics  of  the  man  called  to  direct,  to 
co-ordinate  the  labors  of  his  fellow  men,  to  make  them  co-operate  towards 
a  useful  end,  whatsoever  it  may  be." 

By  the  end  of  the  20th  century,  it  has  been  recognized  that  for  a  variety 
of  applications  with  increasing  demands,  the  existing  propulsion  tools  exhibit 
limitations  and  disadvantages.  The  supreme  dominance  of  gas-turbine  engines 
lasted  for  several  decades  will  continue  to  be  so  for  many  more  years.  How¬ 
ever,  modern  science  and  technology  have  already  provided  the  seeds  for  the 
development  of  a  novel  propulsion  device  often  referred  to  as  a  Pulse  Detonation 
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Engine  (PDE).  The  operational  principle  of  a  PDE  is  based  on  repeated  conver¬ 
sion  of  the  chemical  energy  of  a  combustible  fuel  in  a  propagating  detonation  (or 
high-speed  deflagration)  wave.  Such  a  propulsion  device  is  attractive  because 
of  its  anticipated  simplicity  of  design  and  operation  and  less  fuel  consumption 
compared  to  a  gas-turbine  engine  generating  similar  power.  As  it  is  natural 
with  new  concepts  for  a  more  efficient  power  device,  numerous  variations  and 
combinations  of  the  PDE  design  have  appeared,  which  need  further  testing  and 
evaluation. 

The  International  Colloquium  on  Control  of  Detonation  Processes  (Moscow, 
Russia,  July  4-7,  2000),  organized,  in  a  sense,  to  explore  the  principles  elucidated 
by  Carnot  over  a  century  ago,  attracted  the  attention  of  many  distinguished  re¬ 
searchers  working  in  the  field  of  chemical  propulsion,  particularly  of  its  rapidly 
progressing  branch  —  ‘Pulsed  Detonation  Propulsion.’  One  of  the  main  objec¬ 
tives  of  the  Colloquium  has  been  to  disseminate  to  the  research  community  and 
practicing  engineers  the  state-of-the-art  in  the  fundamental  knowledge  of  det¬ 
onations  and  high-speed  deflagrations  and  their  control,  with  the  emphasis  on 
application  to  advanced  propulsion.  To  this  end,  the  editors  have  tried  to  put 
together  this  volume  of  selected  papers,  which  contain  the  essence  of  the  cur¬ 
rent  knowledge  on  the  subject.  The  book  is  organized  under  the  following  three 
parts: 

Part  1:  High-Speed  Deflagration:  Fundamentals  and  Control; 

Part  2:  Detonation:  Fundamentals  and  Control; 

Part  3:  Pulsed  Detonation  Engines. 


HIGH-SPEED  DEFLAGRATION: 
FUNDAMENTALS  AND  CONTROL 


Part  1  deals  primarily  with  deflagration-to-detonation  transition  (DDT)  and 
detonation  initiation.  The  contributions  pertaining  to  the  fundamental  aspects 
of  transient  high-speed  deflagrations  are  presented. 

Smirnov  ei  al  contribute  to  the  fundamental  knowledge  of  DDT  in  gaseous 
hydrocarbon-air  mixtures.  Experimental  and  computational  studies  of  DDT 
in  a  tube  with  several  turbulizing  elements  in  the  form  of  connecting  cham¬ 
bers  have  shown  that  there  exists  the  optimum  number  of  the  elements  en¬ 
suring  the  shortest  predetonation  distance  and  time.  Also  studied  are  the  ef¬ 
fects  of  fuel-air  ratio  and  initial  temperature  of  the  reactive  mixture  on  the 
DDT  in  the  tube  with  turbulizing  elements.  In  particular,  it  has  been  proved 
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that  the  increase  of  initial  temperature  decreases  the  predetonation  length  and 
time. 

Achasov  &  Penyazkov  consider  various  gasdynamic  methods  for  controlling 
DDT  in  gas-fueled  systems.  Extensive  experimental  data  on  the  effect  of  shock 
wave  focusing,  collision  of  nonreacting  supersonic  jets,  and  interaction  of  flame 
jets  are  analyzed  in  terms  of  their  potential  in  shortening  the  predetonation 
distance  and  time. 

The  effects  of  flame  igniter  type,  turbulizing  obstacles,  and  sensitizing  agents 
(acetylene,  NO2,  nitrates,  etc.)  are  thoroughly  discussed  by  Higgins  ei  al  on 
the  basis  of  experimental  observations  of  high-speed  deflagrations  and  DDT  in 
gaseous  mixtures.  It  has  been  found  that  different  igniters  (spark  plugs  and  jet 
igniters)  show  different  ability  to  promote  a  more  rapid  transition  from  laminar 
to  turbulent  flame,  but  do  not  significantly  influence  the  predetonation  distance. 
Only  relatively  large-scale  jet  igniters  are  capable  of  direct  detonation  initiation. 
Obstacles,  when  properly  installed  in  the  tube,  can  considerably  decrease  the 
predetonation  distance  by  increasing  the  turbulent  burning  rate  and  the  strength 
of  compression  waves  ahead  of  the  flame.  Sensitizing  agents  become  effective  on 
the  final  stage  of  the  DDT  process,  when  chemical  kinetics  becomes  a  dominant 
factor.  There  is  the  implication  that  a  promising  way  to  dramatically  reduce  the 
DDT  length  is  to  preprocess  a  heavy  hydrocarbon  fuel  via  partial  oxidation  to 
more  sensitive  hydrocarbons  and  free  radicals. 

Siarik  &  Titova  analyze  theoretically  another  possibility  to  sensitize  the  re¬ 
active  mixture  by  means  of  preliminary  excitation  of  molecular  oxygen  in  an 
electric  discharge.  A  detailed  chemical  kinetic  model  to  describe  reactivity  of 
hydrogen-oxygen  mixtures  with  due  regard  for  preexcitation  of  O2  molecules 
has  been  developed  and  successfully  applied  to  the  problems  of  flame  ignition 
and  detonation  initiation  in  a  supersonic  flow. 


DETONATION: 

FUNDAMENTALS  AND  CONTROL 

Part  2  contains  contributions  on  fundamental  properties  of  developed  detonation 
waves. 

H emery ck  ei  al.  present  the  results  of  numerical  simulation  of  transient 
behavior  of  gaseous  detonations,  in  particular  during  transition  from  a  reac¬ 
tive  to  a  nonreactive  medium  followed  by  the  reverse  process.  As  this  phe¬ 
nomenon  is  relevant  to  PDEs,  of  particular  interest  are  the  conditions  and  pa¬ 
rameters  controlling  the  re-ignition  process  following  the  stage  of  detonation 
decay. 
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Fujiloara  &  Fukiba  investigate  computationally  the  effect  of  transport  proc¬ 
esses  (viscosity  and  thermal  conductivity)  on  the  structure  of  gaseous  hydrogen- 
oxygen  detonations.  The  analysis  indicates  that  molecular  viscosity  stabilizes 
the  shape  of  soot  patterns,  forms  more  regular  cell  geometry  and  affects  the 
cell  size  so  that  the  predicted  cell  size  approaches  experimentally  observed  val¬ 
ues.  Of  particular  interest  are  the  simulations  for  narrow  detonation  channels 
that  can  shed  new  light  to  the  problem  of  detonability  limits.  It  is  implied 
that  viscous  boundary  layer  on  the  channel  wall  decreases  the  reflection  coeffi¬ 
cient  of  detonation  thus  ‘making’  the  triple  point  weaker  after  collision  with  the 

wall.  •  j  • 

A  new  promising  computational  approach  to  simulate  transient  detonations 

is  reported  by  Tu  ei  al  Utilizing  this  Space-Time  Conservation  Element  and 
Solution  Element  (CE/SE)  method,  all  features  of  detonation  structure,  includ¬ 
ing  transverse  waves,  triple  points,  Mach  stems,  counter-rotating  vortices,  and 
unburned  pockets  are  resolved.  The  advantage  of  the  approach  is  that  it  requires 
much  less  CPU  resources  as  compared  to  its  counterparts,  and  therefore  can  be 
used  for  a  more  detailed  insight  into  the  detonation  structure  at  reduced  time 

and  cost.  ^  , 

Troisyuk’s  contribution  is  relevant  to  gaseous  detonation  propagation  in  chan¬ 
nels  of  complex  geometry,  in  particular  those  with  variable  cross-section.  For 
the  first  time,  in  numerical  simulation,  the  existence  of  a  maximum  height  of  the 
Mach  stem  during  detonation  propagation  over  the  long  wedge  has  been  proved. 
The  use  of  a  special  algorithm  of  computational  grid  remeshing  and  moving  pro¬ 
vided  high  resolution  of  the  flow  both  near  the  wedge  surface  and  in  the  vicinity 
of  the  leading  shock  wave.  This  allows  one  to  simulate  reflection  of  an  almost 
arbitrarily  wide  detonation  wave. 

Experimental  and  computational  studies  of  detonation  transmission  from  a 
readily  detonable  fuel-oxidizer  mixture  to  a  less  sensitive  fuel-air  mixture  are 
presented  by  Murray  ei  al.  The  emphasis  is  made  on  the  efficiency  of  detonation 
transmission  in  terms  of  the  required  volume  of  the  readily  detonable  mixture. 
The  investigation  focuses  on  three  transmission  configurations:  (1)  circular  tube 
terminating  in  an  annular  orifice,  (2)  circular  tube  containing  a  bundle  of  much 
smaller  tubes  at  its  outlet  or  a  tube  terminated  by  a  plate  with  multiple  orifices, 
and  (3)  circular  tube  connecting  with  a  cylindrical  chamber  consisting  of  a  pair 
of  parallel  plates  oriented  normal  to  the  tube  axis.  The  experimental  results 
show  that  configurations  (1)  and  (3),  under  certain  conditions,  can  be  extremely 
efficient  in  detonation  transmission  to  an  unconfined  space.  The  results  appear 
to  be  very  useful  for  PDE  schemes  using  predetonators. 

For  practical  applications,  multiphase  rather  than  gaseous  detonations  are 
of  primary  importance.  The  topic  of  discussion  by  Khasainov  ei  al  is  the 
structure  of  detonation  waves  in  two-phase  media  comprising  a  gaseous  explosive 
mixture  and  suspended  aluminum  particles.  A  propagating  detonation  wave  is 
described  by  a  two-velocity,  two-temperature,  2D  mathematical  model.  It  has 
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been  shown  that  detonation  in  such  a  medium  exhibits  a  cellular  structure  quali¬ 
tatively  similar  to  that  inherent  to  gaseous  explosives.  The  effect  of  aluminum 
particle  size  and  loading  ratio  on  detonation  stability  and  structure  is  thoroughly 
investigated. 


PULSED  DETONATION  ENGINES 


Part  3  includes  contributions  on  various  aspects  of  PDE  performance  and  evalu¬ 
ation,  as  well  as  various  approaches  in  organizing  the  operational  process.  De$~ 
hordes  presents  a  review  of  the  early  research  on  PDE  and  the  approach  to 
evaluating  the  ideal  detonation  propulsion  performance  based  on  single-cycle 
and  multicycle  PDE  operation.  Following  are  the  mentioned  advantages  of  the 
detonation  propulsion  over  the  standard  deflagration- based  propulsion: 

(2)  energy  release  takes  place  in  a  relatively  narrow  region  and  is  quasi- 
complete; 

(22)  heat  losses  remain  limited  because  of  a  very  intense  energy  release; 

(222)  expansion  of  high-pressure  detonation  products  exhibits  higher  energy  con¬ 
version  efficiency  than  does  expansion  of  combustion  products; 

(22;)  expansion  of  detonation  products  obeys  self-similarity;  and 

(v)  no  moving  parts  (except  maybe  for  a  mechanical  valve  in  the  thrust  wall) 
required. 

It  has  been  shown  that  the  minimum  cycle  duration  associated  with  a  given 
length  of  the  combustion  chamber  is  a  very  important  parameter  that  influences 
the  PDE  thrust  potential. 

Kailasanaih  et  al  focus  on  computational  investigations  of  factors  that  con¬ 
trol  the  PDE  performance.  Based  on  a  ID  numerical  analysis  of  the  pressure 
histories  on  the  thrust  wall,  the  importance  of  the  pressure  relaxation  process 
at  the  end  of  the  detonation  tube  is  emphasized.  According  to  the  analysis,  the 
overall  performance  of  PDE  can  be  controlled  within  a  wide  range  by  means  of 
exhaust  nozzles  of  different  shapes  and  dimensions.  The  other  result  concerns 
the  effect  of  fuel-air  fill  in  the  detonation  chamber.  PDE  thrust  can  be  controlled 
by  varying  the  amount  of  the  fill.  The  results  of  numerical  simulations  have  been 
compared  with  available  experimental  findings  and  a  good  qualitative  agreement 
was  noticed. 

Some  results  of  practical  implementation  of  a  PDE  with  a  predetonator  are 
reported  by  Brophy  ei  al.  Detonation  of  a  two-phase  JP- 10/air  mixture  has 
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been  demonstrated  on  a  continuous  air— flow  PDE  for  both  fully  and  paitially 
vaporized  aerosols.  For  detonating  the  fuel-air  mixture  it  is  necessary  to  preheat 
the  inlet  air  above  375  K  and  ensure  that  fuel  droplets  are  very  fine  in  size  (Sauter 
Mean  Diameter  of  3  /im  and  smaller). 

An  alternative  resonance-based  approach  to  practical  PDFs  is  considered  by 
Levin  et  al  The  pulse  process  is  initiated  by  generating  high-frequency  self¬ 
oscillations  in  a  gasdynamic  resonator.  The  concept  implies  that  the  resonator 
is  periodically  filled  with  a  specially  prepared,  nonequilibrium,  exothermically 
reacting  fuel-air  mixture  and  reaction  heat  is  released  in  the  shock-induced  quasi¬ 
detonation  wave.  It  is  reported  that  a  thrust  of  about  2000  N  has  been  attained 
in  a  laboratory-scale  device  along  with  a  15%-20%  gmn  in  fuel  consumption  as 
compared  to  the  corresponding  turbo-jet  engine. 

Baklanov  et  al  describe  the  other  approach  to  practical  PDFs  based  on 
a  detonation  chamber  of  variable  cross-section  and  employing  the  concept  of 
gasdynamic  valves.  In  the  proposed  PDF  scheme,  detonation  is  initiated  in  a 
predetonator  via  DDT.  Before  the  detonation  wave  (transmitted  to  the  main 
combustion  chamber)  issues  into  the  ambient  atmosphere,  hot  detonation  prod¬ 
ucts  are  allowed  to  expand  into  the  feed  manifolds  of  fuel  and  oxidizer,  thus 
avoiding  a  new  portion  of  the  fuel-air  mixture  to  fill  the  device.  Once  the  deto¬ 
nation  wave  is  exhausted  and  the  rarefaction  wave  reaches  the  feed  lines,  a  new 
portion  of  fuel  and  oxidizer  enters  the  predetonator  and  the  main  combustion 
chamber,  and  the  process  repeats.  It  has  been  demonstrated  experimentally 
that  the  device  can  operate  at  a  frequency  of  up  to  3  Hz  without  cooling  the 
feed  manifolds.  With  forced  cooling  of  the  manifolds,  a  frequency  of  92  Hz  was 
attained.  In  addition  to  these  tests,  a  new  mode  (based  on  pulse  overdriven 
detonations)  of  device  operation  has  been  observed  and  studied. 

Reported  by  Daniau  ei  al.  and  Mullagiri  &  Segal  are  the  experimental  studies 
pertaining  to  PDF-nozzle  and  PDE-inlet  integrations. 

It  has  been  demonstrated  by  Daniau  ei  al.  (in  single-pulse  experiments)  that 
cylindrical  and  diverging  nozzles  can  significantly  affect  the  PDE  performance. 

The  back-pressure  oscillations  induced  by  the  detonation  tubes  valving  sys¬ 
tem  in  a  multitube  PDE  are  expected  to  affect  the  inlet  operation.  If  a  common 
single  inlet  is  used  as  a  plenum  for  multiple  tubes  it  is  important  to  know  the 
consequences  of  the  spillage  from  a  closing  tube  into  an  adjacent  opening  tube. 
These  issues  are  addressed  by  Mullagiri  &  Segal. 

Jenkins  ei  al.  demonstrate  the  capabilities  of  modern  diagnostics  and  nonin- 
trusive  measurements  of  the  most  important  parameters  in  a  PDE.  Diode-laser 
sensors  based  on  absorption  spectroscopy  have  been  developed  and  successfully 
applied  for  in  situ  measurements  of  gas  temperature,  water  vapor  and  fuel  con¬ 
centration,  as  well  as  soot  temperature  and  soot  volume  fraction  during  operation 
of  laboratory-scale  gas-  and  liquid-fueled  PDFs. 

Several  new  PDE  concepts  are  described  with  substantiating  evaluations.  Ko¬ 
robeinikov  ei  al  consider  an  electrochemical  PDE,  where  a  strong  flame-induced 
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electrical  discharge  is  applied  to  produce  an  imploding  shock  wave,  which,  after 
leflections,  initiates  detonation.  Parameters  of  the  imploding  shock  wave  and  the 
detonation  wave  have  been  estimated  analytically  and  the  ensuing  flow  patterns 
in  the  detonation  tube  have  been  numerically  simulated. 

A  detonation  engine  with  ‘external'  combustion  is  considered  by  Vasil 'ev. 
The  design  is  based  on  experimental  realization  of  detonation  in  an  annular 
gaseous  layer  with  a  fuel-free  ambient  atmosphere  (external  ‘boundary’)  and  a 
solid  cylindrical  surface  (internal  ‘boundary’).  It  has  been  demonstrated  ex¬ 
perimentally  that,  under  certain  conditions,  a  detonation  wave  can  circulate 
around  the  solid  cylinder  with  a  constant  angular  speed.  A  mechanism  of  the 
phenomenon  has  been  suggested,  and  a  simple  mathematical  model  has  been 
developed. 

A  dual-fuel  concept  of  PDE  is  considered  by  Frolov  et  al  Here,  the  liquid- 
fueled  air-breathing  propulsion  device  operates  on  two  liquid  fuels  that  are  deliv¬ 
ered  to  the  combustion  chamber  by  means  of  controlled  distributed  injection  and 
m  situ  mixing  with  each  other  and  with  air.  The  fuels  are  supposed  to  exhibit 
essentially  different  detonability.  As  an  example,  kerosene  and  hydrogen  perox¬ 
ide  are  considered  as  fuel  candidates.  This  concept  is  treated  as  an  alternative 
to  PDEs  with  predetonators,  as  it  contains  only  one  combustion  chamber  and 
uses  the  advantage  of  a  readily  detonable  fuel  to  detonate  a  fuel  blend.  The  use 
of  the  dual-fuel  concept  has  been  shown  to  allow  the  efficient  control  of  energy 
density  of  the  burning  material,  specific  impulse  and  detonability  in  terms  of  the 
detonation  cell  size  and  critical  initiation  energy. 

Alexandrov  et  al.  describe  the  concept  of  a  supersonic  pulsed  detonation 
ramjet  engine.  The  operation  process  is  controlled  by  periodic  changes  in  fuel 
supply  into  the  supersonic  flow.  Once  the  fuel  is  supplied,  the  detonation 
wave  propagates  upstream.  When  fuel  supply  is  terminated,  the  detonation 
wave  decays  to  the  shock  wave  and  is  convected  downstream.  The  new  cy¬ 
cle  starts  from  supplying  the  next  portion  of  fuel  into  the  detonation  cham¬ 
ber.  The  engine  needs  to  be  started  only  once.  The  performance  of  such 
a  device  has  been  compared  with  alternatives  such  as  subsonic  ramjet  and 
scramjet. 

“Detonation  Research  in  the  New  Decade”  is  presented  by  Roy  in  his  Con¬ 
cluding  Remarks.  In  addition  to  the  technical  panel  elaborations  on  the  topic: 

What  should  be  done  to  detonate  a  liquid  fuel-air  mixture  in  a  short  tube 
with  a  weak  initiator? 

he  provides  his  view  to  some  of  the  questions  raised  by  the  panelists.  The  steps 
that  need  to  be  taken  to  bring  the  technology  to  fruition  are  outlined. 

To  date  we  face  the  challenge  of  creating  a  new  generation  of  stationary  and 
propulsion  power  plants.  This  effort  is  another  step  to  accomplish  this  mission.  It 
is  hoped  that  this  book  will  help  those  who  are  already  involved  in  this  endeavor, 
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and  numerous  others  who  are  interested  to  be  involved  in  this  field  of  propulsion 
science  and  technology. 
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CONTROL  OF  DETONATION  ONSET 
IN  COMBUSTIBLE  GASES 


N.  N.  Smirnov,  V.  F.  Nikitin, 
M.  V,  Tyurnikov,  A.  R  Boichenko, 
J.C.  Legros,  and  V.  M.  Shevtsova 


Investigation  of  deflagration-to-detonation  transition  (DDT)  in  gases  are 
relevant  to  both  explosion  safety  issues  and  pulse  detonation  generating 
devices.  For  these  applications,  the  control  of  detonation  onset  is  of 
major  importance,  although  for  different  purposes.  In  explosion  safety 
issues,  it  is  aimed  at  preventing  the  DDT,  while  in  pulse  detonation  gen¬ 
erators  the  focus  is  in  promoting  the  DDT  and  shortening  the  predeto¬ 
nation  length.  The  paper  presents  the  results  of  theoretical  and  experi¬ 
mental  investigations  of  control  of  the  DDT  processes  in  hydrocarbon-air 
gaseous  mixtures  pertaining  to  propulsion  applications.  The  influence  of 
geometrical  characteristics  of  the  ignition  chambers  and  flow  turbuliza- 
tion  on  the  onset  of  detonation,  and  the  effect  of  temperature  and  fuel 
concentration  is  discussed. 


1  INTRODUCTION 

Since  the  time  the  two  combustion  modes  —  deflagration  and  detonation  — 
were  distinguished  by  Mallard  and  Le  Chatelier  [1],  Bertelot  and  Vieille  [2],  and 
their  theoretical  explanations  were  found  by  Mikhelson  [3],  Chapman  [4]  and 
Jouguet  [5],  the  transition  processes  between  the  two  modes  appeared  to  be 
the  most  intriguing.  Investigations  of  DDT  in  hydrogen-oxygen  mixtures  [6-8] 
and  later  in  hydrocarbon-air  mixtures  [9-11]  showed  the  multiplicity  of  the 
DDT  scenarios.  The  various  modes  of  the  detonation  onset  were  shown  to  de¬ 
pend  on  a  particular  flow  pattern  created  by  the  accelerating  flame,  thus  mak- 
ing  the  transition  process  nonreproducible  in  terms  of  a  detailed  sequence  of 
events. 
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By  now,  there  exist  different  points  of  view  on  the  DDT  mechanism:  the  “ex¬ 
plosion  in  explosion”  mechanism  by  Oppenheim  [7]  and  the  gradient  mechanism 
of  “spontaneous  flame”  by  Zel’dovich  [12]. 

The  later  theoretical  analysis  showed  that  micro-scale  nonuniformities  (tem¬ 
perature  and  concentration  gradients)  arising  in  local  exothermic  centers  (“hot 
spots”)  ahead  of  the  flame  zone  could  be  sufficient  for  the  onset  of  detonation 
or  normal  deflagration  [10,  11,  13-18].  Analysis  and  comparison  of  theoreti¬ 
cal  and  experimental  results  showed  that  self-ignition  in  one  or  in  a  number 
of  hot  spots  ahead  of  the  accelerating  flame  followed  by  the  onset  of  either 
detonation  or  deflagration  waves  brings  to  a  multiplicity  of  transition  scenar¬ 
ios  [19].  The  common  feature  of  all  those  scenarios  is  the  formation  of  local 
exothermic  centers  according  to  the  stochastic  Oppenheim  mechanism  followed 
by  the  onset  of  detonation  at  a  micro-scale  in  one  of  the  exothermic  centers 
according  to  the  spontaneous  Zel’dovich  mechanism  [19].  Investigations  of  the 
reflected  shock  -  laminar  flame  interactions  bringing  to  the  onset  of  detona¬ 
tion  [20,  21]  showed,  as  well,  that  the  transition  to  detonation  in  a  hot  spot 
takes  place  through  the  gradient  mechanism,  while  the  shocks  and  flames  inter¬ 
actions  were  important  for  creating  the  proper  conditions  for  the  hot  spots  to 
occur. 

A  new  impetus  to  the  interest  in  DDT  processes  has  occurred  due  to  the 
recent  efforts  in  the  development  of  pulse  detonation  devices.  The  probable 
application  of  these  principles  to  create  a  new  generation  of  engines  has  elevated 
the  problem  of  DDT  to  the  top  of  current  research  needs. 

The  present  paper  gives  a  brief  summary  of  the  effect  of  various  factors  con¬ 
trolling  the  DDT  processes  in  gaseous  mixtures  from  theoretical  and  experimen¬ 
tal  investigations.  The  influence  of  the  following  factors  was  investigated: 

(1)  turbulization  of  the  flow  using  different  types  of  turbulizing  elements; 

(2)  initial  mixture  temperature  variations;  and 

(3)  fuel  concentration  variations. 

Theoretical  modeling  of  the  DDT  process  was  performed  using  a  three- 
equations  turbulence  model  developed  for  this  purpose. 


2  MATHEMATICAL  MODEL 

2.1  Governing  System  of  Equations 

The  system  of  equations  describing  turbulent  gas  flow  was  obtained  by  Favre 
averaging  [22]  of  the  equations  for  a  multicomponent  gas  phase.  The  modified 
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k-e  model  is  used  to  describe  the  behavior  of  the  gas  phase.  The  generalized 
model  takes  into  account  the  influence  of  chaotic  fluctuations  of  temperature  on 
the  rates  of  chemical  reactions: 


dtp  +  V  ■  (pu)  =  0  (j) 

dtipYk)  +  V  •  (puYk)  =  -V  ■  h  +  Uk  (2) 

9t{pu)  +  V  ■  {pu  0  u)  =  pg  -  \7p  +  ■  T  (3) 

dt{pE)  +  V  •  (puE)  =  pu  ■  -  V  •  pu  -  V  •  4  +  V  •  (r  ■ «)  (4) 

where  p  is  the  density;  u  is  the  gas  velocity  vector;  Y^,  h,  and  dit  are  the  mass 
fraction,  turbulent  diffusive  flux  and  specific  mass  flux  due  to  chemical  reactions 
for  the  ^th  gas-phase  component,  respectively;  g  is  the  acceleration  of  gravity; 
p  IS  the  pressure;  r  is  the  turbulent  viscosity  tensor;  E  is  the  specific  energy;  and 
Iq  is  the  turbulent  energy  flux. 

Equations  (1)  to  (4)  describe  the  mass  balance  in  the  gas  phase,  mass  bal¬ 
ance  of  the  feth  component,  momentum  and  energy  balance,  respectively.  The 
following  relationships  hold  between  the  terms  in  Eqs.  (1),  (2): 


En  =  i,  E'i^  =  o,  T 


u>k=0 


The  state  equations  for  the  gaseous  mixture  are  the  following: 


Evi(c.,r+Ao.)  +  ^  +  i 

k  2i 


where  Rg  is  the  universal  gas  constant,  Wk  is  the  molar  mass  of  the  kth.  compo¬ 
nent,  Cvk  is  the  specific  heat  at  constant  volume  for  the  ^th  component,  and  k 
is  the  turbulent  kinetic  energy. 

The  rate  of  production  of  the  ^th  component  in  chemical  reactions,  d;^,  is  ac¬ 
tually  the  sum  ujk  =  E  ,  where  cjf  is  the  production  rate  of  the  kth.  component 

in  the  jSih  reaction. 

The  term  responsible  for  chemical  transformations,  Uk  is  very  sensitive  to 
temperature  variations,  as  it  is  usually  the  Arrhenius- type  function.  To  take 
into  account  temperature  variations,  the  source  term  ujk  in  Eq,  (2)  was  modeled 
using  the  Gaussian  quadrature  technique. 

Considering  temperature  T  as  a  stochastic  function  with  the  mean  value  T 
and  the  mean  squared  deviate  6  =  TT ,  the  mean  value  of  any  function  having 
T  as  an  independent  variable  is  determined  as  follows: 
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/(T)  =  y  /  (T  +  C\/e)  PdiOdC 

where  <  is  a  random  value  with  zero  expectation  and  unit  deviate;  its  proba¬ 
bility  density  function  is  Pa{0-  To  estimate  the  integral,  the  Gaussian  quadra¬ 
ture  technique  [23]  is  applied.  A  detailed  description  of  the  procedure  will  be 
given  in  Section  1.3.  In  our  case,  /(T)  is  the  Arrhenius  function  of  tempera- 

ture. 

The  mean  value  of  Uk  is  found  by  using  these  definitions.  As  for  the  mass 
fractions  and  density,  their  mean  values  were  used  in  the  Arrhenius  law  for  u>k, 
as  the  functions  and  Uk{Yk)  are  not  as  strong  as  d/k(T). 

The  turbulent  heat  flux  /,  in  Eq.  (4)  is  a  sum  of  two  terms: 

Tg  =  fq+  ^  (CpkT  +  hok)  h  (®) 


where  7,  is  interpreted  as  the  turbulent  conductive  heat  flux,  Cpk  is  the  specific 
heat  at  constant  pressure,  hot  is  the  specific  enthalpy  of  the  kth  component  at 
T  =  0. 

The  eddy  kinematic  viscosity  u*  is  expressed  according  to  the  k-e  model  as 


where  C°  is  the  model  constant,  e  is  the  dissipation  of  the  turbulent  kinetic 
6ii0rgy. 

Application  of  the  standard  k-e  model  to  compressible  flows  [22]  results  in 
the  following  relations  for  the  turbulent  fluxes: 


r  =  (fi  +  pi'^)  (  Vu  -f  —  -V  •  uU 


-  S'’*'" 


Ik:=-p[D+-]V  Yk 

(P  d 


(7) 

(8) 
(9) 


where  U  is  the  unit  tensor;  p  is  the  effective  laminar  viscosity;  D  is  the  overall 
laminar  diffusion  coefficient;  era  and  ert  are  the  model  constants;  A  is  the 
effective  laminar  thermal  conductivity. 

The  closure  relationships  for  the  model  are  represented  by  the  equations  for 

k^9,  and  e: 
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dt  {pk)  -h  V  •  {puk)  =  V 


p  +  P~  j  •  Vii  —  ps 


dt  (pe)  +  V  •  (pue)  =  v  +  p^^  Vej  -P  |  (Cf,r*  •  Vu  -  C^pe)  (11) 


dt  (p0)  +  V  •  (pu0)  =  V 


^  'f'  y  ^  CpkP  ^  \  J  -f-  Pi9  -f  Wq  —  Dq  (12) 


where  cr*,  and  cr^  are  the  model  constants;  r*  is  the  Reynolds 

tensor  term  within  the  effective  viscosity  tensor  r;  the  production  terms  Pe,  We 
and  the  dissipation  term  De  are  determined  by  the  following  formulae: 

Pb  =  2/>i:cpi-(vr)", 

k  (Tt  \  y 

When  deriving  the  production  term  We  due  to  chemical  reactions,  the  Arrhe¬ 
nius  law  for  chemical  transformations  was  assumed.  It  is  discussed  in  Section  1.2. 
To  calculate  the  correlation  the  Gaussian  quadrature  technique  was  applied 
similar  to  that  used  for  calculating  the  mean  Arrhenius  terms  (see  Section  1,3). 
The  dissipation  term  De  was  determined  based  on  the  assumption  that  the  tem¬ 
perature  dispj^rsion  cannot  exceed  its  maximum  possible  value  Om  (because  the 
value  of  T  =  T-\-T'  cannot  be  negative).  However,  the  production  terms  do  not 
pant  the  presence  of  such  a  constant.  To  grant  it,  the  multiplier  l/{0m  -  0)  is 
incorporated  into  the  dissipation  term  (the  other  multipliers  are  standard  [24]). 
In  order  to  estimate  the  value  of  9m,  one  can  notice  that  the  probability  of  the 
deviate  to  exceed  twice  the  mean  deviate  is  less  than  1%  for  the  normal  deviate. 
Also,  one  can  see  that  the  mean  temperature  deviate  in  experiments  reported 
in  [24]  did  not  exceed  a  half  of  the  maximum  mean  temperature.  With  this, 
6m  is  estimated  as  follows: 


The  constants  in  Eqs.  (10),  (11)  take  the  following  standard  values  [22]: 

Cp  =  0.09,  Cu  =  1.45,  C2t  =  1.92,  aa  =  1,  =  0.9,  (Tk  =  1,  =  1,3  (15) 

The  dissipation  constant  Cg  in  Eq.  (15)  is  taken  from  the  data  of  [24]: 

Cn  =  2.8 
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2.2  Chemical  Interactions  in  the  Gaseous  Phase  and  Temperature 
Deviate  Pi-oduction 


The  gaseous  phase  is  supposed  to  contain  the  following  set  of  species:  O2,  C„Hm, 

CO,  C02,H2,H20,  N2.  n  .  ■ 

The  chemical  potential  of  the  hydrocarbon  fuel,  h?,  is  considered  to  be  a 
problem  parameter,  along  with  its  composition  n  and  in.  The  potential  depends 
not  only  on  n  and  in  but  also  on  particular  hydrocarbon  fractions  the  fuel  consists 
of.  The  number  of  species  in  the  gaseous  phase  is  denoted  as  K  {K  =  7).  The 
following  overall  reactions  between  the  species  listed  above  are  considered: 

C„H,„  +  (I  +  aj)  O2  —  nCO  +  +  (1  -  <T)yH2 

CO  +  O.5O2 - ^002 

CO2  +  M  — +  CO  +  O.5O2  +  M 
H2  +O.5O2  — ►  H2O 
H2O  +  M  — ^  Ha  +  O.5O2  +  M 

Here,  <t  is  the  share  of  water  in  hydrocarbon  decomposition.  This  parameter 
depends  on  the  particular  fuel  composition  (similar  to  the  hydrocarbon  chemical 
potential).  Denote  the  number  of  reactions  as  S  =  5,  The  rates  of  species 
formation  are  supposed  to  yeild  the  Arrhenius  law  and  the  law  of  acting  masses. 
With  multiple  reactions,  the  formation  rates  are  split  into  elementary  parts: 

/3=1 

where  wf  is  the  fcth  species  formation  rate  per  unit  volume  due  to  the  /?th 
^  •  3 

reaction.  Assume  the  following  formulae  for 
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/?  =  5 


=  -p^We^^~A,{T)  =  -pWeKsip,Y,T) 


wr  =  — 


1  . 


^  ijf  =^3=^4=  W7  =  0 

The  Arrhenius  term  for  the  /?th  reaction,  Ap{T),  is  assumed  to  have  the 
following  structure: 


MT)  = 


Kpexp 

0, 


T>Tmp 

T<Tmp 


(21) 


where  Kp  is  the  preexponential  factor,  T^p  is  the  activation  temperature,  and 
Tmp  is  the  minimum  temperature.  The  notations  Kp{p,  Y,  T)  in  Eqs.  (16)  to  (20) 
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are  used  for  the  sake  of  convenience.  They  can  be  referred  to  as  the  ^th  reaction 

rate  per  unit  mole  of  fuel.  j  i  r 

For  the  turbulence  model,  the  expressions  for  must  be  averaged  before 
substituting  into  the  species  balance  equations.  In  the  model  under  considera¬ 
tion,  it  means  that  the  mean  Arrhenius  terms  Ap{T)  should  be  expressed  via 
the  mean  temperature  and  its  deviate 

The  temperature  deviation  production  term  for  multiple  species  and  reactions 
is  the  following: 

WB  =  -T'Y,Y.hlu1  (22) 

/3  =  1  fc  =  l 

The  minus  sign  in  Eq.  (22)  is  due  to  the  fact  that  the  chemical  energy  release  is 
negative  with  respect  to  the  variation  of  the  mixture  chemical  potential. 

To  find  out  how  We  is  expressed  for  the  set  of  species  and  chemical  reactions 
under  consideration,  substitute  Eqs.  (16)-(20)  into  Eq,  (22)  taking  into  account 
that  the  chemical  potentials  for  elementary  components  are  zero. 

B  K 

=  p[W2/*^(-ki)  +  W^3h5(nKi  - 'tz  +  Ks) 

/3=i<==i  ^ 

+  Wihl{K2  -  K3)  +  Wehl  -  KsjJ 

=  p[«i  [nWshl  +  ajWX  -  W2h°) 

+  (K2  “  K3)(Wih1  —  14^3/13)  +  (K4  “  K5)l'f))h6|  (23) 

Equation  (23)  indicates  that  in  order  to  obtain  the  term  We,  one  should  find 
the  values  of  TM/3(T)  and  then  compose  the  corresponding  linear  combination 

of  them. 


2.3  Averaging  Nonlinear  Functions 

This  section  describes  how  to  obtain  the  mean  values  of  A/eiT)  and  T Ap{T)  in 
terms  of  the  mean  temperature  and  its  deviate. 

Consider  a  random  variable  ^  distributed  with  the  probability  density  func¬ 
tion  (PDF)  properties  of  ^  and  its  PDF  P d{0  are  determined 

by  the  following  relationships: 

/  Pd{^')dx  =  1 

J  xPd{x)dx  —  f 
J{x-O^^Pd{x)dx  =  ^ 
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Now,  the  temperature  T  (or  any  other  scalar  function)  can  be  expressed  as  a 
random  variable  decomposed  into  its  mean  value  Tm  =  T  and  its  mean  deviate 
Td  =  VT'TL  The  temperature  deviate  T'  is  itself  a  random  variable  with  the 
mean  value  equal  to  zero  and  deviate  equal  to  Td.  The  goal  is  to  express  f{T) 
and  T^f{T)  in  terms  of  Tm  and  Td. 

Assuming  that  the  temperature  deviate  is  distributed  with  the  PDF  Pd{x), 
one  obtains: 


f{T)  =  ffiTr„  +  x)P,ix)dx 

-  (24) 

T'fiT)  =  lxf{Tm+x)Pi{x)dx 

The  integrals  in  Eqs.  (24)  are  to  be  estimated  using  only  one  parameter  Td 
at  infinite  number  of  degrees  of  freedom.  In  this  case,  the  Gaussian  quadrature 
technique  with  a  small  number  of  terms  (2  to  3)  is  the  best  choice.  The  Gaussian 
quadrature  could  be  applied  to  a  weighted  function  integration  if  the  function 
and  its  weight  are  not  oscillatory.  The  Arrhenius  function  yeilds  this  condition. 
It  is  assumed  that  the  PDF  also  yeilds  this  condition. 

The  Gaussian  quadrature  then  provides  the  following  estimate: 


J  f(xo  +  x)Pd{x)d: 


=  ~^j)  +  “o/(®o)  +  o/  f{xo  +  xf)  (25) 

i=i 

where  {xj }  and  ]■  are  the  positive  monotonously  increasing  sequences. 
If  a:o  =  Xm  is  the  mean  value  of  variable  a?,  a?'  is  its  deviate,  and  Pd{x)  is  the  PDF 
of  x\  then  the  coefficients  of  the  quadrature  yeild  the  following  correlations: 

j-  j+ 

^  a .  -f  uq  +  ^  =  1 

j=i  j=i 

o.j  Xj  =  ^  (26) 

j=i  j=i 

j=i  j=i 


Equations  (26)  are  derived  from  the  normalization  condition,  from  the  fact  that 
the  mean  of  x'  is  zero,  and  from  the  definition  of  the  mean  squared  deviate. 

All  the  uncertainties  in  determining  the  coefficients  by  Eqs.  (26)  are  due  to 
an  uncertain  order  of  the  quadrature  and  uncertain  shape  of  Pd(x). 
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Leaving  only  3  terms  for  estimating  the  integrals  (including  the  central  term) 
and  assuming  that  the  PDF  for  the  deviate  is  symmetric  (even),  one  obtains  that 
J+  J-  =:  1  (order),  xj  =  x’t  zz  Xj  (symmetry),  and: 

no  +  Gj"  =  1 


—  9  I  4-  2  9 

x\  ajx\:=  x^ 

This  enables  one  to  express  all  the  quadrature  terms  as: 


a,  = 


1 

2x' 


oo  =  1  - 


(27) 


(28) 


=  X^d 


The  value  x  (of  the  order  of  1)  depends  only  on  the  shape  of  the  PDF  accepted 
for  the  model.  It  can  be  estimated  using  the  fourth  moment  techniques. 

Let  the  distribution  Pd{^)  has  zero  expectation  and  unit  deviate.  Also,  let 
it  be  symmetric  (even).  Then,  the  third  moment  of  Pd{x)  (together  with  all 
odd  moments)  will  be  zero,  and  the  fourth  moment  will  be  expressed  using  the 
Gaussian  quadrature  as  follows: 

h  =  J  x^P,{x)dx  =  (29) 

Then,  if  the  fourth  moment  I4  is  known  from  the  direct  integration  of  a  partic- 
ulary  assumed  PDF,  then  x  can  be  obtained  from  Eq.  (29). 

Table  1  presents  the  values  of  x  (hereinafter  referenced  to  as  a  relative  sample 
deviation)  for  different  shapes  of  PDF  with  zero  expectation  and  unit  deviate 
acceptable  for  the  case  considered. 

It  can  be  seen  from  Table  1  that  the  value  of  x  is  on  the  order  of  1.  The 
most  suitable  cases  are  Gaussian  and  triangular  distributions. 

To  get  the  averaged  terms  Ap{T)  and  TAf^iT),  the  technique  described  above 
is  used  and  the  following  expressions  are  obtained: 

(T^-XT,) 

+  (i-Tj^^(r„)  +  ^A^(r„  +  xTrf)  (30) 
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Table  1  Relative  deviation  values  depending  on  the  shape  of  PDF 


PDF  type 

PDF  formula,  Pd{x) 

X 

uniform 

1  X- 

(  0,  otherwise 

fW 

J  —  w  2.3238 

V  ^ 

triangular 

1  0>  otherwise 

6 

«  1.5492 

normal  (Gaussian) 

(-t) 

K  1.7321 

exponential 

■^exp(-^/2\x\) 

^/6  «  2.4495 

T‘Ar(T)  _  ~  i-xTd)  Ap  {T„  -  xTd)  +  —xTaAp  {T^  +  xTa) 

_  ^2  Ap  {Tm  +xTi)-  Ag(Tm  -  xTa) 

Wa - 

Expression  (31)  indicates  that  the  production  of  the  squared  temperature 
deviate  9  in  chemical  reactions  is  proportional  to  the  squared  deviate  itself  and 
the  finite  difference  approximating  the  first  derivative  of  the  Arrhenius  function 
at  T  —  Tm  (but  not  equal  to  the  derivative). 

The  value  of  x  to  be  substituted  into  Eqs.  (30)  and  (31)  can  be  taken  from 
Table  1  for  a  chosen  type  of  PDF.  In  the  following,  the  value  x  =  will  be 
used  that  was  obtained  for  the  case  of  normal  distribution. 


2.4  Boundary  Conditions 

The  boundary  of  the  computational  domain  contains  the  outer  walls  and  the 
axis  of  symmetry.  The  walls  for  the  case  of  cylindrical  symmetry  could  be  a 

combination  of  coaxial  cylindrical  surfaces  and  rings  or  plates  orthogonal  to  the 
axis. 

The  boundary  conditions  for  the  gas  phase  are  set  in  accordance  with  the 
following  considerations;  the  walls  of  the  cylindrical  domain  are  thermoinsulated 
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and  noncatalytic,  the  velocity  of  gas  is  zero  on  the  walls  and  the  averaged  gas 
motion  is  cylindrically  symmetric.  This  leads  to  the  von  Neumann  conditions  for 
the  temperature  and  species  mass  fractions  at  the  cylinder  walls  (zero  normal 

derivatives): 

„  5r  _  .  dYt  _ 

x  =  0,  X  =  ^i>  x  =  X;  rj<r<Rj,  Ux-Ur-0,  Qj; 


r  =  Ri,  Ur  =  Wr  =  0,  dr  ~ 


r  =  0,  0  <  ®  <  X,  Ur  =  0, 


^_0  ^  =  0  — =0 

dr  dr  ’  dr 


(32) 


The  boundary  conditions  for  turbulent  parameters  k,£,  and  9  are  set  accord- 
ing  to  the  wall  laws  [19]: 

k  =  0 


de 

dn 

dn 


0 

0 


(33) 


where  n  is  the  normal  vector  to  the  wall.  To  take  into  account  the  wall  damping 
effect,  the  coefficients  of  the  original  turbulence  model  are  modified  in  accordance 
with  the  Lam— Bremhorst  low  Reynolds  number  models  [22]. 


Cf,  =  C°fn 

Cu  =  C°ufi  (34) 


C2c  =  C2(f2 

where  /^,  /i,  and  /2  are  the  positive  functions;  0  <  /;,  <  1;  /i  >  1;  0  <  /2  <  1 


2.5  Computational  Techniques 

The  system  of  gasdynamic  equations  rewritten  in  a  vector  form  [25]  was  split 
in  three  parts  due  to  three  different  physical  processes:  source  terms  (including 
chemical)  and  generalized  turbulence  production  terms  formed  the  “local  part 
of  the  equations;  convective  terms  formed  the  “hyperbolic  part”  of  the  equations; 
and  diffusive,  viscous  and  thermo-cunductive  terms  formed  the  “parabolic  part 
of  the  equations. 
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The  local  part  was  solved  implicitly  using  an  iterative  algorithm  indepen¬ 
dently  for  each  grid  node.  The  hyperbolic  part  was  solved  using  the  explicit 
FCT  techniques  [26].  The  parabolic  part  was  solved  implicitly  using  3-diagonal 
matrix  solvers  for  linear  equations  [25].  The  techniques  removed  viscosity  from 
the  time  step  criterion  and  reduced  it  to  the  Courant-Friedrichs-Lewy  crite¬ 
rion. 

To  solve  the  system  of  equations,  splitting  by  coordinates  was  used  according 
to  [27].  This  splitting  represents  the  general  operator  L{At)  transferring  the 
parameter  vector  to  the  next  step,  i.e.,  =  L{At)P^,  in  the  following  form: 

L(At)  =  Lx{^ix)Lr{^tf)Lr(^Aif>)Lx{Atx) 
or 

T(At)  =  Lr{Atr)Lx{Atx)Lx{Aix)Lr(^Atr)  (35) 

The  sequence  of  operators  in  Eq.  (35)  yields  the  condition  of  symmetry.  To 
yield  the  condition  of  timesteps,  which  together  with  the  condition  of  symmetry 
ensures  the  second  order  of  approximation,  it  is  necessary  to  have: 

At  =  2Aix  =  2Atr 

so  that  Aix  =  At^  =  At/2.  Both  sequences  of  operators  in  Eq.  (35)  are  able 
to  represent  the  general  operator  L(At).  To  avoid  the  accumulation  of  disagree¬ 
ments,  the  sequences  are  changed  at  each  time  step. 

Validation  of  the  numerical  scheme  was  performed  by  comparing  the  results 
of  test  runs  with  the  exact  gasdynamic  solutions  and  with  model  experiments 
on  turbulent  flame  propagation  in  confined  volumes. 


3  THEORETICAL  INVESTIGATIONS 
OF  THE  DDT  PROCESSES 
IN  HYDROCARBON-AIR  MIXTURES 

Theoretical  and  numerical  investigations  were  aimed  at  distinguishing  the  factors 
having  the  strongest  influence  on  the  onset  of  detonation  and  thus  determining 
the  mechanisms  for  the  control  of  the  process. 

It  is  well  known  that  the  presence  of  various  turbulizing  elements  in  the  ini¬ 
tial  sections  of  detonation  tubes  promotes  DDT  by  shortening  the  predetonation 
length  and  time.  Numerical  experiments  were  undertaken  for  comparative  stud¬ 
ies  of  the  role  of  different  turbulizing  elements:  Shchelkin  spiral,  orifice  plates, 
turbulizing  chambers  of  a  wider  cross-section.  The  results  showed  that  the  wider 
turbulizing  chambers  incorporated  into  the  ignition  sections  of  the  tube  promoted 
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the  onset  of  detonation  by  shortening  essentially  the  predetonation  length  for  hy¬ 
drocarbon  fuel-air  mixtures. 

The  geometry  of  the  test  configuration  is  shown  in  Fig.  1.  This  contains 
a  detonation  tube  with  two  chambers  of  a  wider  cross-section  filled  in  with  a 
combustible  gaseous  mixture  at  ambient  pressure.  Ignition  of  the  mixture  is 
performed  by  a  concentrated  energy  release  in  the  center  of  the  first  chamber. 
Five  model  reactions  in  the  gas  were  taken  into  account:  hydrocarbon  decom¬ 
position,  carbon  monoxide  oxidation,  carbon  dioxide  decomposition,  hydrogen 
oxidation,  and  water  vapor  decomposition.  The  kinetic  parameters  for  the  reac¬ 
tions  were  taken  from  [28].  The  tube  was  20  mm  in  diameter  with  two  chambers 
100  mm  in  diameter  and  100  mm  long  incorporated  in  the  ignition  section.  The 
connection  between  the  two  chambers  was  a  tube  20  mm  in  diameter  and  50  mm 
long.  The  values  used  for  the  parameters  in  the  numerical  experiments  are  given 
in  Table  2  in  SI  units. 

The  fields  of  reaction  intensity  in  the  initiating  section  are  shown  in  Fig.  1. 
The  results  are  obtained  for  the  fuel  molar  concentration  of  0.015  (  the  stoichio¬ 
metric  concentration  is  0.014). 

Figure  2  illustrates  the  reaction  intensity  variations  inside  the  tube  after 
flame  left  the  chambers.  The  figure  shows  the  section  of  the  tube  300  mm  long, 
which  begins  100  mm  away  from  the  end  of  the  second  chamber.  The  onset  of 
the  detonation  wave  takes  place  in  this  section  for  the  present  initial  conditions. 
Figure  3  shows  the  evolution  of  gas  pressure  within  the  same  section  of  the 
detonation  tube. 

The  results  indicate  that  on  mixture  ignition  in  the  first  chamber  the  process 
of  flame  propagation  is  rather  slow  and  is  determined  mostly  by  initial  turbuliza- 
tion  of  the  mixture.  The  initially  spherical  flame  changes  its  form  to  cylindrical 
on  approaching  the  walls  of  the  chamber.  The  flame  accelerates  and  penetrates 
into  the  tube  connecting  the  two  chambers  due  to  a  gas  flow  caused  by  the 
expansion  of  reaction  products.  A  high-speed  jet  penetrating  into  the  second 
chamber  brings  to  a  very  fast  flame  propagation  both  due  to  additional  flow 
turbulization  and  the  piston  effect  of  the  expanding  reaction  products  supported 
by  the  continuing  combustion  in  the  first  chamber.  The  line  segments  in  Fig.  1 
characterize  the  values  of  gas  velocities. 

Fast  combustion  in  the  second  chamber  results  in  a  sharp  pressure  rise  that 
pushes  the  flame  further  into  the  tube.  A  shock  wave  forms  in  the  tube  ahead 
of  the  flame  zone.  Pressure  waves  generated  by  continuing  combustion  in  the 
chambers  overtake  the  flame  and  cumulate  with  the  leading  shock  wave.  These 
processes  cause  the  formation  of  nonuniformities  in  the  combustion  zone  and  give 
rise  to  transverse  waves  (Figs.  2a-2c;  3a,  36).  At  a  certain  place,  the  detonation 
arizes  from  a  hot  spot  within  the  combustion  zone. 

For  the  present  scenario  of  the  process,  the  onset  of  detonation  takes  place 
at  a  distance  of  about  500  mm  from  the  ignition  section.  Prior  to  the  onset  of 
detonation,  hot  spots  appearing  in  the  combustion  zone  produce  compression 
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reaction  zone  for  successive  times  after 
Td  (°)  4.5  ms  (*)  '‘•2-  (0  4-4, 
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Table  2  Initial  values  for  the  governing  parameters 


Pressure  (Pa) 

Temperature  (K) 

Temperature  deviate  (K) 

Turbulent  kinetic  energy  (J/kg) 

Characteristic  length  of  turbulence  (m) 

Volumetric  share  of  O2 
Volumetric  share  of  CH4 
Volumetric  share  of  H2 
Volumetric  share  of  H2O 
Volumetric  share  of  CO2 
Volumetric  share  of  CO 
Initial  volumetric  share  of  N2 
Chemical  potential  of  O2  (J/mol) 

Chemical  potential  of  C„Hm  (J/mol) 

Chemical  potential  of  H2  (J/mol) 

Chemical  potential  of  H2O  (J/mol) 

Chemical  potential  of  CO2  (J/mol) 

Chemical  potential  of  CO  (J/mol) 

Chemical  potential  of  N2  (J/mol) 

Carbon  in  CnH  m 
Hydrogen  in  CnH  m 
Water  share  in  CnHm  decomposition 
Preexponential  factor:  CH4  +  O2  — »■  CO  -b  H2 
Activation  temperature  (K):  CH4  +  O2  CO  -f  H2 
Minimum  temperature  (K):  CH4  +  O2  — ►  CO  +  H2 
Preexponential  factor:  H2  +  O2  — *■  H2O 
Activation  temperature  (K):  H2  +  O2  H2O 
Minimum  temperature  (K):  H2  +  O2  H2O 
Preexponential  factor:  H2O  — »■  H2  +  O2 
Activation  temperature  (K):  H2O  H2  +  O2 
Minimum  temperature  (K):  H2O  H2  +  O2 
Preexponential  factor:  CO  +  02-^  CO2 
Activation  temperature  (K):  CO  -f  O2  — *■  CO2 
Minimum  temperature  (K):  CO  -f  O2  CO2 
Preexponential  factor:  CO2  — "  CO  H-  O2 
Activation  temperature  (K):  CO2  -*•  CO  -b  O2 
Minimum  temperature  (K):  CO2  — *■  CO  -b  O2 
Total  ignition  energy  (J) 

Ignition  time  (s) 

Ignition  X  position  (m) 

Ignition  ball  radius  (m)  _ _ _ 


1.013  •  10" 
300 
1.0 
0.1 

5  •  10"^ 

0.22 

0.22 

0.0 

0.0 

0.0 

0.0 

0.78 

0.0 

-1.34  •  10® 
0.0 

-2.395  •  10® 
-3.92  •  10® 
-1.105  •  10® 
0.0  , 

10 

22 

0.2 

1  •  10^ 

2.527  •  10^ 
500 
7-10^ 
1.0614  •  10^ 
600 

8.7  •  10^ 

3.5  ■  10^ 
1000 

5.89  •  10® 
1.0614  •  10^ 
600 

2.75  •  10^ 
2.0418  •  10^ 
1000 
2.0 

1  ■  lo-"^ 

5 • 10“^ 

1 . 10“^ 
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Figure  2  Predicted  evolution  of  the  chemical  reaction  zone  in  the  detonation  tube 
behind  the  ignition  section  for  successive  times  after  ignition:  (a)  4.593  ms,  (b)  4,611 
(c)  4,628,  (d)  4.643,  (e)  4.657,  (/)  4.670,  (g)  4.683,  (h)  4.696,  and  («)  4.709  ms 


HIGH-SPEED  DEFLAGRATION  &  DETONATION 


Figure  3  Predicted  evolution  of  pressure  (in  MPa)  in  the  detonation  tube  in  the 
transition  zone  for  successive  times:  (a)  4.593  ms,  (6)  4.611,  (c)  4.628,  (d)  4.643, 
(e)  4.657,  (/)  4.683,  {g)  4.696,  and  (h)  4.709  ms 
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waves  irradiated  from  the  reaction  zone  in  all  directions.  Those  waves  support 
he  eading  shock  as  well  as  propagate  backwards.  As  shown  in  Figs.  3e  to  3h 

waves^^'^  detonation  and  retonation 

The  diagrams  for  axial  pressure  and  mean  cross-section  pressure  profiles  for 
successive  times  are  shown  in  Fig.  4.  The  vertical  lines  in  Fig.  4  mark  the  location 
ot  turbuhzing  chambers. 

The  decrease  in  the  fuel  molar  concentration  leads  to  formation  of  gallopping 
combustion  regimes.  Those  regimes  are  not  caused  by  numerical  instabilities 
as  one  cycle  of  the  process  develops  within  150-200  time  steps.  The  hot  spots 
occur  alternatively  near  the  lateral  walls  (high  pressure  spikes)  and  in  the  tube 
centei  and  bring  to  flame  accelerations.  The  pressure  profiles  along  the  tube 

mixture  (fuel  molar  concentration  of  0.011,  initial  temperature 
Ot  c{00  K)  are  shown  m  Fig.  5. 

figure  6  shows  the  corresponding  reaction  zone  trajectories  for  rich  (a)  and 
ean  (6)  mixtures.  Mean  flame  velocities  are  also  marked  for  dilTerent  parts  of 
he  trajectory.  It  is  seen  that  flame  accelerates  on  entering  the  second  chamber 
then  It  slows  down  in  rich  mixtures  (a).  A  high-speed  combustion  wave  enters 
he  detonation  tube,  where  the  DDT  takes  place.  In  lean  mixtures  (b)  the  gal- 

TTal  f®®™®  propagates  with  velocity  oscillations  within  the  range 

of  400  800  m/s.  The  onset  of  detonation  does  not  take  place  within  the  tube 
I  m  long. 

Available  data  on  the  influence  of  the  initial  mixture  temperature  on  the 
DDl  process  in  gases  are  contradictory.  Numerical  simulations  of  ignition  and 
flame  propagation  in  lean  mixtures  (fuel  molar  concentration  of  0.011)  at  an 
elevated  initial  temperature  (350  K)  showed  that  the  increase  of  initial  tem¬ 
perature  of  the  combustible  mixture  shortens  the  predetonation  length  and 
lime. 

Figure  7  shows  the  axial  pressure  profiles  and  Fig.  8  shows  the  flame  tra¬ 
jectory.  Comparing  the  results  with  respective  curves  in  Figs.  5  and  6  J  one 
could  see  that  the  increase  of  initial  temperature  essentially  promotes  the  DDT 
process  in  lean  mixtures.  Figure  7c  illustrates  the  classical  DDT  scenario  un¬ 
der  which  detonation  occurs  between  the  leading  shock  wave  and  the  flame 
zone,  overtakes  the  leading  shock  wave  and,  interacting  with  it,  gives  birth  to 
an  overdriven  detonation  wave  that  gradually  slows  down  to  a  self-sustaining 

mode.  Ihus,  the  increase  of  mixture  temperature  promotes  DDT  in  lean  mix- 
tures. 

Numerical  modeling  shows  that  the  absence  of  turbuhzing  chambers  results  in 
an  incre^e  of  the  predetonation  length  and  time.  Further  increase  of  the  number 
of  the  chambers  (more  than  two)  does  not  bring  to  any  essential  variations  of 
the  predetonation  length  but  increases  the  length  of  the  initiating  section.  Thus 
one  or  two  chambers  could  be  considered  as  an  optimal  configuration  to  promote 
the  onset  of  detonation. 
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Figure  4  Predicted  pressi 
fuel  molar  concentration  oi 
4  —  3.99  ms;  (6):  1  —  i  = 
4.51  ms;  (cl):  1  —  t  =  4.59 
and  3  —  5.23  ms 


P/MPa 


HIGH-SPEED  DEFLAGRATION:  FUNDAMENTALS  &:  CONTROL 


0.0  0.4  0.8  1.2  1,6  2.0 

X/m 

(c) 

Figur©  5  Predicted  pressure  profiles  along  the  tube  axis  in  a  galloping  combustion 
mode  for  the  fuel-air  mixture  with  fuel  molar  concentration  of  0.011.  (a):  1  ~  t  = 
3.79  ms,  2  —  5,05,  3  —  6.02,  and  4  —  6.20  ms;  (b):  1  ~i  =  6.20  ms,  2  —  6.63,  3  — 
7.04,  4  7.27,  5  —  7.44,  6  ■ —  7.67,  and  7  —  7,96  ms;  (c):  1  —  t  =  7.96  ms,  2  — 
8.16,  3  —  8.28,  4  —  8,52,  5  —  8.67,  6  —  8.83,  7  —  9.00,  and  8  —  9.27  ms 


4  EXPERIMENTAL  INVESTIGATIONS  OF  THE  DDT 
IN  TUBES  WITH  TURBULIZING  CHAMBERS 


To  investigate  experimentally  the  control  of  DDT  process  in  tubes  by  using 
turbulizing  chambers  of  a  wider  cross-section,  the  pulse  detonation  device  was 
used  allowing  to  vary  the  geometries  of  turbulizing  chambers  (Fig.  9).  The 
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/  /  ms  ^  /  ms 

(a)  (b) 


Figur©  6  Predicted  trajectory  of  the  reaction  zone  in  a  detonation  tube  with  two 
chambers  for  fuel-rich  (ct  —  fuel  molar  concentration  of  0.015)  and  fuel-lean  (6  fuel 
molar  concentration  of  0.011)  mixtures  at  initial  temperature  of  300  K.  Numbers  show 
the  mean  propagation  velocity  in  m/s 


device  was  filled  through  valve  6  with  a  gaseous  mixture  of  air  with  automo¬ 
bile  gasoline  vapors.  The  optimization  of  the  size  of  turbulizing  chambers  was 
performed  using  the  chambers  of  variable  volume.  The  side  walls  of  chambers 
1  and  2  (Fig.  9)  had  a  thread  on  the  inner  surface.  This  made  it  possible 
to  screw  the  cylindrical  plates  3  and  4  more  or  less  deep  into  the  chambers 
thus  varying  the  volume.  The  mixture  was  ignited  in  chamber  J  by  a  spark 
plug  5.  The  gas  flow  induced  by  flame  expansion  was  highly  turbulized  due 
to  geometry  of  the  vessel,  a  toroidal  vortex  appeared  in  chamber  2  causing 
rapid  expansion  of  the  flame  area  on  entering  the  second  chamber.  To  in¬ 
crease  the  pressure  in  both  chambers,  valve  6  was  kept  closed.  Expansion  of 
the  reaction  products  into  the  narrow  tube  7  produced  an  additional  piston  ef¬ 
fect  thus  increasing  flame  acceleration  and  promoting  the  DDT.  The  cylindrical 
plate  4  being  moved  down  to  the  bottom  of  the  chamber  2  made  it  possible 
to  investigate  the  DDT  process  in  a  tube  with  only  one  turbulizing  chamber  1. 
The  investigations  made  it  possible  to  determine  the  optimal  structure  of  the 
initiating  section  to  shorten  the  predetonation  length  in  pulse  detonation  de¬ 
vices. 

For  the  gaseous  gasoline-air  mixture,  the  predetonation  length  was  shortened 
to  l,5-2.0  m  in  tubes  of  diameter  22  mm.  The  Schlieren  pictures  illustrating  the 
variety  of  scenarios  of  the  DDT  were  published  elsewhere  [10,  11,  19]. 

Experimental  investigations  revealed,  that  the  turbulizing  chambers  promote 
the  onset  of  detonation  and  shorten  the  predetonation  length  due  to  their  dual 


24 


HIGH-SPEED  DEFLAGRATION;  FUNDAMENTALS  &  CONTROL 


XI  m 
{c) 


Figure  7  Predicted  pressure  profiles  along  the  tube  axis  for  the  fuel-air  mixture 
with  fuel  molar  concentration  of  0.011  at  the  initial  temperature  of  350  K.  fa):  1  — 
t  -  2.52  ms,  2  —  3.19,  3  —  3.66,  and  4  —  3.80  ms;  (6):  1  ~t  =  3.80  ms,  2  —  4.23 

9  Z  1  ^  ~  1  ~t  =  5.29  ms,  2  —  5.5o’ 

3  5.54,  4  5.58,  5  —  5.62,  6  —  5.75,  and  8  —  5.99  ms 


impact.  On  the  one  hand,  those  chambers  contribute  to  flow  turbulization  and 
flame  acceleration  in  the  initiating  section.  On  the  other  hand,  the  piston  effect 
of  the  expanding  reaction  products  formed  after  burning  out  the  mixture  in  the 
chambers  provides  additional  pushes  to  the  flame  and  causes  the  formation  of 
additional  shock  waves  ahead  of  the  flame. 

Interactions  of  those  shocks  increase  the  flow  irregularity  and  create  favorable 
conditions  for  the  formation  of  hot  spots.  Variations  of  volume  of  the  turbulizers 
makes  it  possible  to  control  the  predetonation  length. 


25 


HIGH-SPEED  DEFLAGRATION  &  DETONATION 


t/ ms 


Figure  8  Predicted  flame  trajectory  in  a 
fuel-lean  mixture  with  fuel  molar  concen¬ 
tration  of  0.011  at  the  elevated  tempera¬ 
ture  (T  =  350  K),  Numbers  show  the  mean 
propagation  velocity  in  m/s 


Available  experimental  data  on  the 
sensitivity  of  the  DDT  process  to  gas 
temperature  were  contradictory.  Thus, 
special  experimental  investigations  of 
the  influence  of  the  initial  temperature 
on  the  predetonation  length  and  time 
were  undertaken  for  the  pulse  detona¬ 
tion  device  shown  in  Fig.  9. 

To  compare  the  predetonation 
lengths  and  times  for  different  tem¬ 
peratures,  the  experiments  with  fuel- 
rich  mixtures  were  carried  out.  The 
onset  of  detonation  was  observed  for 
both  unheated  and  heated  mixtures. 
The  evolution  of  the  process  was  char¬ 
acterized  using  7  pressure  transducers 
located  in  the  transition  section  [9]. 
Three  characteristic  times  were 
distinguished:  the  time  of  shock  wave 
formation  ahead  of  the  flame 
the  earliest  time  of  the  detonation  on- 


set  in  a  hot  spot  the  time  of  detonation  wave  overtaking  the  leadmg  shock 

and  entering  the  undisturbed  mixture  as  an  overdriven  detonation  ). 

Figure  10  illustrates  the  predetonation  time  (solid  curves)  and  length  (dashed 
curves)  variations  with  temperature. 

The  plots  (solid  curves)  show  that  within  the  temperature  interval  290-350  K 
all  the  induction  times  decrease  with  the  initial  mixture  temperature.  The  cor¬ 
responding  predetonation  lengths  (dashed  curves  in  Fig.  10a)  practically  remain 
constant  though  a  slight  decrease  is  also  evident. 
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Figure  10  Measured  dependencies  of  the  predetonation  characteristics  on  the  initial 
temperature:  (a)  predetonation  time  (solid  curves)  and  length  (dashed  curves);  1  — 
ti  ,  Xi  ,  2  ,  3  —  X^^]  (6)  velocity  of  the  leading  disturbance  vs, 

distance  (curve  1  ~  gasoline  A-72,  To  =  290  K;  curve  2  —  gasoline  A-72,  To  =  350  K; 
curve  3  —  gasoline  A-92,  To  =  290  K) 


Thus,  variations  of  initial  temperature  of  the  combustible  mixture  can  be 
used  to  control  the  onset  of  detonation.  Figure  106  shows  the  velocity  of  the 
leading  disturbance  variation  vs.  tube  length  in  DDT  process.  Curves  1  and  2 
show  the  results  of  experiments  for  mixtures  of  air  with  gasoline  A-72  (with  the 
octane  number  of  72)  for  different  initial  temperatures.  Curve  3  shows  the  results 
for  the  mixture  of  air  with  A-92  (octane  number  92)  gasoline.  The  increase  of 
the  octane  number  of  gasoline  from  72  to  92  brought  to  a  15%~20%  increase 
in  the  predetonation  length.  For  low  temperatures,  the  DDT  process  was  more 
stable  for  fuel-rich  mixtures  (<^  =  1.1),  while  for  T  >  320  K  the  DDT  in  fuel-lean 
mixtures  (0  =  0.9)  was  also  very  stable. 


5  CONCLUDING  REMARKS 

Theoretical  and  experimental  investigations  on  control  of  DDT  in  gaseous 
hydrocarbon-air  mixtures  showed  the  following: 

—  turbulizing  chambers  incorporated  into  the  ignition  section  promote  the 
onset  of  DDT  and  shorten  the  predetonation  length  and  time; 
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“  the  increase  of  their  number  up  to  more  than  two  does  not  provide  further 
decrease  in  the  predetonation  length; 

-  the  decrease  of  fuel  molar  concentration  increases  the  predetonation  length 
and  can  bring  to  establishing  the  galloping  combustion  modes  instead  of 
the  DDT; 

-  the  increase  of  the  initial  temperature  brings  to  a  decrease  in  the  predeto¬ 
nation  length  and  time,  in  particular  for  fuel-lean  mixtures. 

The  developed  principles  of  controlling  the  DDT  were  implemented  in  a  proto¬ 
type  of  a  pulse  detonating  device. 
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SOME  GASDYNAMIC  METHODS 
FOR  CONTROL  OF  DETONATION  INITIATION 

AND  PROPAGATION 


O.V,  Achasov  and  O.  G.  Penyazkov 


Initiation  of  detonation  in  gaseous  mixtures  by  shock  waves  and  jets 
is  studied  experimentally  and  computationally.  It  is  shown  that 
turbulence-generating  grids,  shock  focusing  by  reflection  from  concave 
surfaces,  and  interaction  between  supersonic  jets  promote  the  initia¬ 
tion  process.  The  reactive  gases  are  stoichiometric  hydrogen-oxygen 
and  acetylene-oxygen  mixtures  diluted  with  nitrogen.  The  use  of  a  con¬ 
cave  reflecting  surface  is  shown  to  significantly  reduce  the  ignition  delay 
in  a  shock-compressed  mixture.  Interaction  of  opposed  nonreactive  and 
reactive  supersonic  jets  in  the  half-closed  concave  cavity  is  shown  to  re¬ 
sult  in  a  complex  transient  gasdynamic  structure  with  colliding  shock 
waves.  When  the  shock  waves  reflect  from  a  concave  wall,  regions  with 
high  pressure  and  temperature  occur,  promoting  detonation  initiation. 
Detonation  initiation  in  a  tube  with  a  turbulizing  grid  is  shown  to  be 
possible  if  the  arising  flame  jet  is  supersonic.  Critical  conditions  for 
detonation  initiation  are  found. 


1  INTRODUCTION 

Detonation  in  a  combustible  gas  mixture  can  be  initiated  in  two  ways:  via  di¬ 
rect  impact  or  deflagration-to-detonation  transition  (DDT).  The  DDT  process 
is  of  importance  from  both  fundamental  and  practical  points  of  view.  The  tran¬ 
sition  length  depends  upon  several  parameters.  Qualitatively,  the  influence  of 
these  parameters  on  the  transition  distance  is  quite  well  understood.  They  are 
generally  considered  to  contribute  to  one  or  both  of  the  two  main  flame  accel¬ 
eration  mechanisms;  turbulence— flame  and  shock— flame  interactions.  In  some 
cases,  designing  an  apparatus  that  uses  a  detonative  process  makes  it  necessary 
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to  reduce  the  transition  length.  Particularly,  it  applies  to  transition  to  detona¬ 
tion  in  fuel-air  mixtures,  where  the  length  of  the  predetonation  region  is  of  the 
order  of  100  characteristic  transverse  channel  dimensions  [1].  A  local  increase 
in  the  gaseous  mixture  parameters  within  some  region  of  the  duct  increases  the 
energy  release  rate  in  this  region  and,  consequently,  can  reduce  the  detonation 
onset  time  in  the  whole  duct.  It  is  well  known  [2]  that,  when  a  plane  shock  wave 
collides  with  a  circular  concave  wall,  the  reflected  shock  wave  forms  a  focus  at 
which  the  pressure  and  temperature  can  be  enhanced.  It  has  been  observed  that 
the  shock  wave  intensity  required  to  initiate  detonation  can  be  substantially  de¬ 
creased  when  the  focusing  phenomenon  is  used  [3-7].  Interaction  of  supersonic 
jets  can  raise  the  pressure  and  temperature  in  the  gas  and,  consequently,  cause 
detonation  initiation  [8].  Numerous  experiments  [9-14]  have  shown  that  fast 
turbulent  mixing  of  hot  combustion  products  with  reactants  can  also  lead  to 
detonation  onset. 

Investigated  in  the  present  work  are  some  gasdynamic  methods  for  initiation 
of  gaseous  detonation  and  for  control  of  its  propagation:  shock  wave  focusing 
due  to  reflection  from  concave  surfaces;  interaction  of  supersonic  jets  of  the 
combustible  mixture;  and  fast  turbulent  mixing  of  hot  combustion  products  with 
a  combustible  mixture  (prechamber  initiation).  The  experiments  were  carried 
out  using  both  shock-tube  technique  and  detonation-chamber  models. 


2  RESULTS  OF  INVESTIGATIONS 

2.1  Detonation  Initiation  by  Concave  Reflector 

A  set  of  two  coupled  diaphragm-free  shock  tubes  with  an  automatic  synchroni¬ 
zation  system  was  used  to  perform  shock-tube  experiments.  The  cro.ss-section  of 
the  rectangular  shock  tube  is  45  x  90  mm  and  the  inner  diameter  of  the  circular 
tube  is  76  mm.  Pressure  variation  at  different  cross-sections  was  monitored  with 
piezoelectric  pressure  gauges  with  a  spatial  resolution  of  1  mm.  Test  sections 
were  equipped  with  quartz  windows  allowing  for  direct  photographic  observa¬ 
tion  of  the  initiation  and  propagation  processes.  The  Schlieren  device  optically 
aligned  with  a  high-speed  (1.3  /is/frame)  photographic  camera  was  used  to  visu¬ 
alize  the  processes.  A  high-pressure  valve  with  a  forced  electropneumatic  start 
was  used  to  synchronize  the  shock  tubes  start-up  with  the  high-speed  camera 
operation  and  also  to  eliminate  the  influence  of  a  bursting  diaphragm.  Com¬ 
pressed  helium  was  used  as  the  driver  gas.  Experimental  results  were  recorded 
and  processed  by  an  automatic  data  acquisition  system  comprising  digital  oscil¬ 
loscopes  and  a  central  computer.  Rectangular  and  circular  detonation  chambers 
were  used  to  carry  out  the  prechamber  initiation  tests.  The  test  mixtures  were 
prepared  by  the  method  of  partial  pressures  and  were  stored  in  a  suitable  mixing 
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vessel  until  required.  The  re¬ 
active  gases  were  stoichio¬ 
metric  hydrogen-oxygen,  and 
acetylene-oxygen  mixtures 
with  different  nitrogen  dilu¬ 
tion. 

For  shock  wave  focusing,  a 
semicylindrical  concave  wall 
model  45  mm  in  diameter  was 
installed  in  the  test  section. 

Ignition  delay  was  meas¬ 
ured  from  OH  radical  emis¬ 
sion  records,  corresponding  to 
transition  in  the 

bandwidth  (0,  1).  To  fix  the 
instant  at  which  luminosity  of 
the  reacting  gas  mixture  com¬ 
mences,  the  test  volume  was 


Figure  1  Ignition  delay  in  a  stoichiometric 
hydrogen-oxygen  mixture  vs.  shock  wave  Mach 
number:  1  normal  reflection |  2  —  reflection 
from  a  hemicylindrical  cavity.  Pressure  behind  the 
reflected  shock  wave  is  O.liO.Ol  MPa 


focused  on  a  photomultiplier  cathode.  To  eliminate  the  effect  of  light  from  easily 
excited  impurities,  a  monochromatic  interference  filter  with  A^ax  =  348  nm  and 
bandwidth  of  16  nm  was  used  to  pass  only  the  desired  portion  of  the  emission 
spectrum  of  the  mixture.  Concurrently  with  luminosity,  the  pressure  was  meas¬ 
ured  both  at  the  bottom  of  the  concave  cavity  and  at  the  lateral  wall  of  the 
channel  at  a  distance  of  109.5  mm  from  the  bottom. 

As  follows  from  the  plot  of  ignition  delay  vs.  incident  shock  wave  Mach  num¬ 
ber  (Fig.  1),  the  reflecting  concave  surface  reduces  this  delay  significantly.  If  the 
incident  shock  wave  is  sufficiently  strong,  the  complex  reflections  can  result  in  gas 
mixture  ignition  in  the  focus  area  behind  the  reflected  shock  and  in  detonation 
initiation  (Figs.  2  and  3).  In  these  regimes,  detonation  wave  originates  behind 
the  reflected  shock  front  during  interaction  of  slow  combustion  fronts.  In  addi¬ 
tion,  gas  volume  in  the  cavity  burns  in  vortex  structures  formed  in  the  focusing 
region,  which  raises  the  temperature  and  pressure  (see  Fig.  3).  The  detonation 
wave  thus  generated  moves  from  the  cavity  and  propagates  as  a  retonation  wave 
in  the  opposite  direction. 

At  higher  intensities  of  the  initial  shock,  the  detonation  regime  can  develop 
even  from  isolated  hot  spots.  Depending  on  shock  wave  intensity,  such  spots 
can  be  located  in  different  zones.  For  example,  at  the  Mach  number  of  2.35-2.5, 
these  spots  are  located  on  the  walls  of  a  half-closed  cavity  in  the  origin  of  the 
Mach  stem.  No  combustion  process  has  taken  place  yet  near  the  cavity  bottom 
(Figs.  4  and  5)  and  detonation  waves  start  propagating  from  the  initiation  point 
in  both  directions  with  some  delay.  As  a  result  of  interaction  of  two  converging 
detonation  waves,  a  wave  with  a  flat  front  forms  in  the  constant  cross-section 
duct.  Interaction  of  two  detonation  waves  at  the  cavity  bottom  considerably 
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Figure  2  Schlieren  images  of  shock-wave  detonation  initiation  in  a  stoichiometric 
hydrogen-oxygen  mixture  at  an  incident  shock  wave  Mach  number  M  =  2.31 


increases  the  wave  parame¬ 
ters,  which  is  clearly  seen 
from  the  recorded  pressure¬ 
time  history  (Fig.  5). 

Further  increase  in  the 
detonation  wave  intensity 
(M  >  2.5)  gives  rise  to  almost 
explosive  (virtually  without 
delay)  initiation  of  detonation 
at  the  half-cylinder  bottom 
(Figs.  6  and  7).  In  addition, 
the  front  of  the  formed  wave 
becomes  flat  almost  at  the 
cavity  outlet. 


2.2  Detonation  Initiation  by  Supersonic  Jets 

Experiments  with  interacting  supersonic  jets  have  been  performed  in  a  45  x 
90  mm,  8  m  long,  helium-driven  diaphragm-free  shock  tube.  A  reflected  shock 
wave  was  used  to  produce  the  jets.  The  jet  throat,  d,  varied  from  1  to  4  mm. 
Pressure  variation  at  different  cross-sections  (Fig.  8)  was  recorded  with  precali¬ 
brated  piezoelectric  pressure  gauges. 

Jet  interactions  in  a  half-closed  cavity  are  of  a  complex  gasdynamic  struc¬ 
ture  in  the  intersection  region.  This  process  was  simulated  numerically  by  the 
Coarse  Particle  Method  that  provides  high  resolution  without  nonphysical  oscil- 
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Figure  4  The  same  as  Fig.  2,  at  the  incident  shock  wave  Mach  number  M  =  2.45 


lations,  especially  at  shock 
fronts.  Two-dimensional  prob¬ 
lems  were  solved  using  both  the 
operator-  and  nonoperator¬ 
splitting  techniques  to  highlight 
the  significant  differences  be¬ 
tween  these  techniques  when 
solving  shock-wave  problems. 

Some  results  of  the  numeri¬ 
cal  simulation  for  normally  in¬ 
teracting  air  jets  are  shown  in 
Fig.  9  in  terms  of  the  depend¬ 
encies  Pm/PsiL/R)  and 
Tm{L/R),  Here,  P5  is  the  stag¬ 
nation  pressure  in  a  jet  reser¬ 
voir,  Pm  and  Tm  are  the  highest 
pressure  and  temperature  at  the  cavity  bottom,  R  and  L  are  the  cavity  radius 
and  depth,  respectively.  In  the  simulations,  the  following  conditions  were  as¬ 
sumed:  P5  =  0.4  MPa,  Pi  =  30  kPa  (Pi  is  the  initial  pressure).  When  the  depth 
of  the  cavity  is  smaller  than  its  radius,  the  temperature  and  the  pressure  at  the 
cavity  bottom  exceed  their  stagnation  values.  When  incident  jets  are  directed 
towards  the  concave  wall,  focusing  is  better. 

To  produce  an  inclined  jet,  an  additional  flat  plate  with  a  shaped  side  was 
used  (see  Fig.  86).  As  shown  in  Fig.  10,  jet  tilting  causes  a  20%“50%  increase 


Figure  5  Pressure  records  for  the  case  presented 
in  Fig.  4  (M  =  2.45) 
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Figure  6  The  same  as  Fig.  2,  at  the  incident  shock  wave  Mach  number  M  —  2.65 


in  Pm  and  T^.  In  Fig.  10,  0  and 
h  are  the  angle  and  the  thickness 
of  the  additional  flat  plate. 

First,  the  interaction  of  non¬ 
reactive  supersonic  air  jets  in  a 
half-closed  concave  cavity  was 
studied.  It  has  been  found  that 
interaction  of  two  opposite  gas 
jets  injected  from  the  lateral 
channel  walls  resulted  in  a  com¬ 
plex  gasdynamic  structure 
(Fig.  11).  A  weak  shock  caused 
by  the  transient  starting  jet  ex¬ 
iting  from  the  opening  is  gener- 
Figure  7  Pressure  records  for  the  case  pre-  ated.  In  the  case  of  two  jets, 
sented  in  Fig.  6  (M  =  2.65)  they  can  intersect  as  a  result  of 

head-on  collisions. 

First  two  fronts  undergo  a  normal  interaction  along  the  centerline,  producing 
a  reflected  shock.  Next,  quadruple  shock  intersections  arise  on  both  sides  of  the 
centerline.  When  the  intersection  angle  attains  a  certain  critical  value,  triple 
shock  intersections  set  in.  A  turbulent  vortex  “bubble”  heads  the  transient  jet 
flow  and  most  of  the  entrainment  and  mixing  occurs  in  this  region.  When  this 
complex  gasdynamic  structure  impinges  a  circular  concave  wall,  reflection  from 
the  concave  wall  produces  a  focus  at  which  the  pressure  and  temperature  can 
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Figure  8  Simplified  sketch  of  the  test  models  used 
and  inclined  (6)  jets.  Dimensions  in  mm 


to  study  interaction  of  normal 


(«) 


Jintn  P''®f  (“)  and  temperature  (6)  vs.  the  hemicyUndrical  cavity 

epth.  1  d  -.2  mm  and  2  —  4  mm.  Dimensions  of  R  and  L  are  shown  in  Fig.  8a 


37 


HIGH-SPEED  DEFLAGRATION  &:  DETONATION 


Figure  10  Maximum  pressure  (a)  and  temperature  (6)  vs.  inclination  angle:  1 
h  =  11.25  mm;  2  —  8;  and  3  —  3.6  mm.  The  experimental  setup  corresponds  to 

Fig.  86 


be  enhanced.  It  has  been  found  that  focusing  is  better  when  jets  inclined  with 
respect  to  the  concave  wall  were  used  (Fig.  12). 

Direct  initiation  of  a  detonation  by  means  of  jets  was  studied  experimentally^ 
A  stoichiometric  hydrogen-oxygen  mixture  was  used  at  an  initial  pressure  of 
20  kPa.  Interaction  of  normal  (0  =  90”)  jets  produced  by  reflection  of  a  shock 
wave  with  a  Mach  number  M  >  2.0  resulted  in  detonation  onset  only  in  the  jet 
reservoir,  indicating  that  the  pressure  and  temperature  rise  in  the  focus  region 
is  insufficiently  high.  On  the  contrary,  tilted-jet  (0  =  50”,  h  =  8  mm)  interac¬ 
tion  produced  detonation  in  the  concave  cavity  at  M  <  1.95,  indicating  better 
focusing. 


2.3  Detonation  Initiation  by  Flame  Jets 

To  carry  out  prechamber  initiation  experiments  in  a  rectangular  (10  x  10  mm) 
chamber,  a  143  mm  long  channel  was  used.  The  observation  zone  with  quartz 
side  walls  was  located  10  mm  away  from  the  spark  plug  mounted  at  the  channel 
end.  The  ignition  energy  was  E  =  0.8  mJ.  Stoichiometric  C2H2-oxygen  mixtures 
diluted  with  nitrogen  were  used.  Mixture  composition  was  varied  to  find  a 
critical  composition  for  detonation  initiation  in  the  observation  region.  In  the 
main  set  experiments,  the  initial  pressure  was  0.1  MPa.  The  DDT  process  was 
photographed  by  a  Schlieren  streak-camera. 

For  flame  jet  initiation,  a  turbulence  generating  grid  has  been  applied.  The 
grid  was  made  in  the  form  of  a  perforated  steel  plate  with  0.62-millimeter  di- 
ameter  holes  and  an  open  area  ratio  of  0.077.  The  plate  was  3  mm  thick.  It 
was  mounted  at  a  distance  of  27  mm  from  the  ignition  spark.  Thus,  the  test 
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(a)  (b) 


Figure  11  Shadowgraphs  of  the  normal  (a)  and  inclined  (6)  interaction  of  nonreacting 
air  jets.  Initial  pressure  is  0.03  MPa,  shock  wave  Mach  number  is  2.37 


channel  was  divided  into  two  parts,  namely,  the  prechamber  and  the  combustion 
chamber. 

Figure  13  (curve  1)  shows  the  transition  distance  (/)  vs.  nitrogen  concen¬ 
tration  in  the  channel  with  no  perforated  plate.  The  transition  distance  is  ex¬ 
pressed  in  terms  of  the  specific  length  l/h,  where  h  is  the  channel  height.  As 
follows  from  Fig.  13,  dilution  of  a  stoichiometric  acetylene-oxygen  mixture  with 
nitrogen  heavily  affects  the  transition  length  when  nitrogen  concentration, 
exceeds  18.5%.  The  onset  of  detonation  at  <  18.5%  is  observed  at  a  dis¬ 
tance  less  than  17  mm  from  the  ignition  spark.  As  the  nitrogen  concentration 
increases,  the  transition  length  rises  rapidly. 
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Figure  12  Pressure  records  at  the  bottom  wall  of  the  concave  hemicylindrical  cav¬ 
ity  (I),  behind  the  reflected  shock  wave  (2),  and  at  61.5  mm  from  the  bottom  (3) 
for  normal  (a)  and  inclined  (b)  interaction  of  nonreacting  air  jets.  Initial  pressure  is 
0.03  MPa,  shock  wave  Mach  number  is  2.37 


Figure  14  a  shows  a  Schlieren 
streak-record  of  the  experiment  carried 
out  in  a  free  channel  with  ^N2  ==  22%. 
In  this  mixture,  the  onset  of  detonation 
is  observed  at  a  distance  of  7.3  l/h  (see 
Fig.  13)  approximately  in  the  middle 
of  the  test  section  (Fig.  14a).  There¬ 
fore,  the  value  =  22%  was  chosen 
as  a  reference  in  the  subsequent  exper¬ 
iments. 

To  reduce  the  predetonation 
length  in  mixtures  highly  diluted  with 
nitrogen,  the  perforated  plate  was 
utilized.  Initially,  the  grid  was  placed 
at  a  distance  of  27  mm  from  the  igni¬ 
tion  spark.  As  follows  from  Fig.  14 &, 


^N2 


Figure  13  DDT  distance  vs.  nitrogen 
dilution  for  stoichiometric  acetylene- 
oxygen  mixtures  at  initial  pressure 
0.1  MPa  in  the  channel  without  (J)  and 
with  (2)  a  perforated  plate 
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Figure  14  Schlieren  streak  images  of  the  DDT  process  at  initial  pressure  of  0.1  MPa 
in  a  free  chMnel  at  =  22%  (a);  behind  the  perforated  plate  at  =  42%  (6),  and 
a-f  ?N2  =  60%  (c).  Vertical  scale  is  10  mm  '  ' 


the  perforated  obstacle  reduces  the  transition  distance  even  at  high  nitrogen 
concentrations.  A  Schlieren  streak  photography  of  the  DDT  process  for  the  crit¬ 
ical  composition  with  =  60%  (see  Fig.  13,  curve  2)  is  presented  in  Fig.  14c. 
In  this  case,  the  velocity  of  the  leading  shock  wave  was  equal  to  600  m/s.  The 
speed  of  sound  in  the  initiation  region  was  calculated  by  the  traces  of  compression 
waves  and  was  found  to  be  equal  to  440  m/s.  An  explosion  in  the  combustion 
chamber  occurred  370  (is  after  ignition.  This  gave  rise  to  a  secondary  shock 
wave  propagating  at  the  velocity  of  1580  m/s.  Amplification  of  this  shock  wave 
resulted  in  the  onset  of  detonation  at  a  distance  of  2.8  l/h  from  the  perforated 
plate. 
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Figure  15  Schlieren  streak  images  ot  the  DDT  process  behind  a  perforated  plate  at 
=  22%  and  initial  pressure  of  24  kPa  (a)  and  22.5  kPa  (fe).  Vertical  scale  is  10  mm 


At  higher  nitrogen  dilution 
(^No  >  60%),  no  detonation  occiired 
in  the  observation  region.  In  this 
case,  the  turbulent  flame  velocity 
was  less  than  the  sound  velocity  in 
the  combustion  chamber  (470  m/s). 
No  primary  shock  wave  corre¬ 
sponding  to  the  supersonic  initiation 
was  observed  in  these  mixtures. 
Schlieren  photo  graphs  show  that 
the  subsonic  flame  jets  produce  no 
detonation  downstream  of  the  per¬ 
forated  plate. 

To  verify  that  the  DDT  process 
occurs  in  the  combustion  chamber 
only  due  to  supersonic  flame  jet  initiation,  additional  tests  have  been  carried 
out  with  a  mixture  containing  22%  Nj.  The  initial  pressure  was  varied  to  pre¬ 
vent  the  detonation  onset  behind  the  perforated  plate  with  a  bbckage  ratio  of 
0.923.  Figure  15  shows  streak-records  of  transition  processes  at  initial  pressures 
of  24  and  22.5  kPa.  As  seen,  detonation  does  not  arise  at  a  pressure  of  22.5  kPa. 
For  these  two  Schlieren  pictures,  the  velocities  of  the  primary  compression  waves 


Figure  16 

sure  at  = 


DDT  distance  vs.  initial  pres- 
:22% 
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are  400  and  420  ni/s,  respectively.  The  velocities  of  the  secondary  waves  are 
467  and  480  m/s,  respectively.  The  leading  shock  wave  velocities  are  equal  to 
610  and  590  m/s.  Obviously,  the  detonation  wave  forms  at  higher  shock  inten¬ 
sity  and  flame  jet  velocity  at  an  initial  pressure  of  24  kPa.  A  further  increase  in 
the  initial  pressure  results  in  a  higher  shock  intensity  and  reduces  the  transition 
distance  (Fig.  16).  A  pressure  decrease  to  20  kPa  causes  combustion  initiation 
by  subsonic  jets. 


3  CONCLUDING  REMARKS 


Several  different  gasdynamic  methods  of  gaseous  detonation  initiation  have  been 
studied  including  focusing  of  a  plane  shock  wave  due  to  its  reflection  from  concave 
surfaces;  interaction  of  supersonic  jets  of  combustible  mixtures  in  a  channel  with 
the  concave  end- wall;  and  fast  turbulent  mixing  of  hot  combustion  products  with 
a  combustible  mixture.  The  conditions  needed  to  initiate  detonations  by  these 
methods  have  been  determined. 
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SENSITIZATION  OF  FUEL- AIR  MIXTURES  FOR 
DEFLAGRATION-TO-DETONATION  TRANSITION 


A.J.  Higgins,  P.  Pinard,  A.  C.  Yoshinaka, 

and  J.  H.  S.  Lee 


The  mechanisms  responsible  for  the  acceleration  of  a  laminar  flame  to 
a  self-sustained  detonation  are  discussed,  and  means  to  influence  (either 
accelerate  or  retard)  each  mechanism  are  identified.  The  role  of  the  ig- 
niter  is  to  establish  a  laminar  flame.  While  a  very  powerful  igniter  may 
be  able  to  bypass  the  laminar  to  turbulent  flame  transition  process,  it 
has  little  influence  on  the  run-up  distance  to  detonation,  since  the  tur¬ 
bulent  flame  must  still  accelerate  to  velocities  on  the  order  of  1000  m/s 
before  the  onset  of  detonation  can  occur.  Only  a  very  large  diameter 
i^n  the  order  of  the  critical  tube  diameter)  flame  jet  may  be  able  to 
bypass  the  turbulent  flame  acceleration  process  and  directly  initiate  det¬ 
onation.  Usually,  obstacles  are  used  to  effect  a  rapid  acceleration  of 
the  turbulent  flame.  The  greater  intensity  of  turbulence  and  transverse 
shock  waves  created  by  obstacles  permits  a  wide  spectrum  of  turbu¬ 
lent  flame  velocities  to  be  observed.  In  the  final  onset  of  detonation,  the 
mixture  sensitivity  (as  determined  by  chemical  kinetic  rates)  is  the  dom¬ 
inant  factor  governing  initiation.  A  number  of  possible  sensitizing  agents 
(acetylene,  NO2,  various  nitrates)  are  considered,  but  thus  far,  only  the 
cool  flame  processing  of  hydrocarbon-air  mixtures  appears  to  have  a 
significant  effect  in  reducing  the  length  scales  required  for  initiation  of 
detonation. 


1  INTRODUCTION 

Deflagration-to-detonation  transition  (DDT)  is  the  process  by  which  an  initially 
laminar  flame  undergoes  a  sequence  of  changes  in  propagation  mechanism,  ulti¬ 
mately  resulting  in  a  self-sustained  supersonic  detonation.  While  DDT  is  typi¬ 
cally  thought  of  as  an  acceleration  process  (since  the  combustion  wave  velocity 
can  span  four  orders  of  magnitude),  it  is  more  properly  considered  as  a  process 
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of  altering  the  mechanism  of  wave  propagation,  with  the  propagation  velocity 
reflecting  the  rate  at  which  different  mechanisms  occur.  Appreciating  when 
these  different  mechanisms  are  at  work  lays  a  foundation  for  understanding  and 
ultimately  controlling  DDT. 

The  initial  stages  of  flame  kernel  formation  and  growth  as  a  laminar  flame 
are  dominated  by  diffusion  of  heat  and  radicals  to  the  unburned  layer  ahead 
of  the  flame.  A  whole  host  of  natural  instability  mechanisms  (e.g.,  Rayleigh- 
Taylor,  Landau-Darrieus,  Markstein,  etc.)  act  to  wrinkle  the  flame  and  increase 
the  burning  rate  per  unit  volume  and,  consequently,  increase  the  propagation 
velocity. 

A  more  significant  role  is  played  by  the  flow  created  ahead  of  the  flame  due  to 
volumetric  dilatation  of  the  combustion  products:  in  a  confined  geometry  (i.e., 
a  pipe),  this  flow  becomes  turbulent  and  a  flame  propagating  into  a  turbulent 
flow  field  undergoes  a  dramatic  increase  in  the  burning  rate.  This  transition  to 
turbulence  also  sets  the  stage  for  feedback  between  the  flow  ahead  of  the  flame 
and  the  flame  itself.  The  feedback  can  occur  via  a  fluid  dynamic  mechanism, 
whereby  an  increase  in  burning  rate  increases  the  flow  velocity  of  the  gas  ahead 
of  the  flame,  thus  amplifying  the  intensity  of  turbulent  flow  into  which  the  flame 
propagates.  The  unsteady  flow  ahead  of  the  turbulent  flame  also  allows  for  a 
gasdynamic  feedback  mechanism,  provided  the  unsteady  compression  waves  sent 
ahead  of  the  flame  increase  the  temperature  sufficiently  to  produce  an  accelerat¬ 
ing  effect  on  the  reaction  rates.  A  discussion  of  the  relative  significance  of  these 
various  instability  and  feedback  mechanisms  can  be  found  in  [1,  2]. 

Regardless  of  the  particular  mechanism,  when  the  combustion  wave  reaches 
very  high  turbulent  flame  speeds  (600-1000  m/s),  it  clearly  becomes  a  mixing 
limited,  rather  than  a  diffusion  controlled,  process.  The  fact  that  high-velocity 
turbulent  flames  propagate  with  mixing  rates  apparently  greater  than  those  re¬ 
quired  to  quench  the  flame  remains  one  of  the  unresolved  issues  in  this  poorly 
understood  regime  of  combustion  [2]. 

When  the  turbulent  flame  reaches  velocities  1000  m/s)  where  the  com¬ 
pression  waves  pushed  ahead  of  the  flame  coalesce  into  a  shock  generating  suf¬ 
ficient  adiabatic  compression  to  initiate  chemical  reactions,  the  conditions  for 
the  final  onset  of  detonation  may  be  present.  The  final  initiation  of  detonation 
is  usually  associated  with  the  abrupt  appearance  of  explosion  centers  or  “hot 
spots”  in  the  shock  -  turbulent  flame  complex  (the  so-called  “explosion  m  the 
explosion”)  which  rapidly  accelerate  in  the  shocked  gas  to  merge  with  the  initial 

shock 

Moen  ei  al  [3]  have  also  identified  another  mode  of  DDT  due  to  the  pro¬ 
gressive  amplification  of  pressure  waves  traversing  the  reaction  zone  at  the  fi¬ 
nal  stages  of  initiation.  It  appears  that  the  onset  of  detonation  invariably  in¬ 
volves  a  rapid  wave  amplification  process.  The  result  of  this  amplification  proc¬ 
ess  is  an  initially  overdriven  detonation,  often  with  wave  speeds  exceeding  the 
steady  Chapman-Jouguet  (CJ)  wave  speed  by  50-100%,  which  quickly  decays  to 
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a  steadily  propagating  detonation.  The  sequence  of  events  outlined  here  is  shown 
schematically  in  Fig.  1. 

Note  the  presence  of  obstacles  in  Fig.  1;  obstacles  are  present  in  all  of  the 
DDT  experiments  presented  in  this  paper.  While  DDT  does  occur  in  tubes 
without  obstacles,  the  run-up  distance  to  detonation  can  be  an  order  of  mag¬ 
nitude  larger  and  significantly  more  stochastic,  due  to  increased  sensitivity  to 
the  tube  wall  roughness,  position  of  the  igniter,  etc.  By  using  a  series  of  reg¬ 
ularly  spaced  obstacles,  the  tube  wall  roughness  is  dominated  by  the  obstacles 
and  hence  the  results  become  largely  independent  of  the  other  details  of  the 
apparatus.  Extensive  prior  research  at  McGill  University  [4,  5]  have  identified 
an  obstacle  blockage  ratio  of  ^  40%  and  an  obstacle  spacing  of  roughly  one 
tube  diameter  as  being  near  the  point  of  diminishing  return  in  obstacle  spacing 
and  blockage.  Thus,  the  results  obtained  with  these  obstacles  are  believed  to 
be  the  near  minimum  length  scales  required  for  DDT,  and  further  optimization 
of  the  obstacles  would  result  in  only  minor  changes  in  the  length  required  for 
detonation  formation. 

Due  to  the  abrupt  appearance  of  detonation  at  the  final  stage  of  the  flame 
acceleration  process,  initiation  is  traditionally  considered  as  a  unique  and  well- 
defined  event.  Recent  research  on  quasi-detonation  [6],  however,  suggests  that 
in  tubes  with  obstacles,  the  same  mechanisms  responsible  for  DDT  (local  explo¬ 
sion  centers  resulting  from  shock  interactions  with  obstacles)  may  also  permit 
steady  propagation  velocities  as  low  as  one  half  of  the  CJ  velocity.  Thus,  a  CJ 
detonation  is  merely  the  limiting  case  of  a  continuous  spectrum  of  combustion 
wave  velocities,  and  the  division  between  detonation  and  highly  turbulent  flame 
becomes  indistinct.  If  a  combustion  wave  is  “denied”  the  mechanisms  of  deto- 
native  combustion,  either  by  using  a  tube  smaller  than  the  characteristic  cell 
size  of  the  mixture  or  by  using  a  tube  with  acoustic  absorbing  walls  to  dampen 
out  cellular  structure,  then  the  wave  will  propagate  at  speeds  of  the  order  of  one 
half  the  C J  detonation  velocity  [7,  8] . 

Recent  attention  has  been  focused  on  the  DDT  problem  as  a  result  of  re¬ 
newed  interest  in  pulsed  detonation  engines  (PDE).  The  requirement  of  deto¬ 
nating  fuels  of  practical  interest  for  aerospace  and  defense  applications  (Jet  A, 
JP-10,  etc.)  within  the  limited  dimensions  of  an  engine  has  stimulated  research 
into  schemes  by  which  detonation  can  be  promptly  initiated  in  these  mixtures 
without  having  to  use  a  predetonator  of  gaseous  fuel-oxygen  mixture.  Direct 
initiation  (i.e.,  near-instantaneous  deposition  of  energy  into  the  gaseous  mix¬ 
ture,  generating  a  blast  wave  of  sufficient  strength  and  intensity  to  decay  to  a 
self-sustained  detonation)  would  require  charges  on  the  order  of  100  g  of  high 
explosive  for  each  cycle  of  initiation.  Other  initiation  sources  (sparks,  lasers, 
etc.)  cannot  easily  provide  this  amount  of  energy  (-^  100-1000  kJ)  on  a  cyclic 
basis.  This  leaves  “self-initiation,”  or  initiation  using  the  chemical  energy  of 
the  explosive  medium  itself,  to  create  the  conditions  necessary  for  the  onset  of 
detonation. 
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Weak  ignition  and  slow  flame  propagation 


Turbulent  flame  acceleration  and  shock  formation 


n 

n 


Onset  of  detonation 


Figure  1  Schematic  illustrating  the  sequence  of  events  for  DDT  in  tube  \ 
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The  most  recent  estimates  of  the  critical  kernel  size  for  planar  initiation  [9, 10] 
suggest  that  the  chemical  energy  available  within  one  to  two  cell  lengths  of  the 
explosive  mixture  is  sufficient  to  initiate  detonation  in  that  mixture.  The  usual 
path  of  self-initiation,  however,  is  DDT,  and  this  typically  requires  an  order 
of  magnitude  longer  length  scale  before  the  onset  of  detonation  occurs.  For  a 
higher  hydrocarbon  fuel  in  air  (where  the  detonation  cell  size  \  ^  b  cm),  the 
tube  diameter  must  be  greater  than  A  for  self-sustained  propagation,  and  typi¬ 
cally  10  tube  diameters  or  more  are  required  for  DDT.  Thus,  for  hydrocarbon-air 
mixtures,  the  length  required  for  DDT  approaches  or  even  exceeds  the  length 
scales  of  interest  for  PDE  applications.  The  fact  that,  in  principle,  there  ex¬ 
ists  sufficient  chemical  energy  in  the  mixture  to  undergo  self-initiation  within 
one  or  two  tube  diameters  suggests  that  a  significant  reduction  in  initiation 
length  scales  could  be  realized  if  the  appropriate  route  to  detonative  combus¬ 
tion  can  be  identified.  Knowledge  of  the  mechanisms  responsible  for  DDT  and 
the  transition  between  those  different  mechanisms  is  not  sufficient  at  present  to 
identify  a  “soft”  initiation  scheme  that  uses  the  weak  igniter  of  DDT  yet  initi¬ 
ates  on  the  short  length  scales  of  direct  initiation.  Experiments  with  turbulent 
jet  initiation  (discussed  in  Section  2  below)  suggest  a  direction  that  may  prove 
fruitful. 


This  paper  discusses  the  authors’  current  views  on  mechanisms  responsible 
for  DDT  and  some  of  the  techniques  to  accelerate  or  bypass  those  mechanisms, 
using  recent  results  from  detonation  research  at  McGill  University  to  highlight 
certain  points.  This  paper  is  not  a  comprehensive  review,  but  rather  suggests 
a  course  of  action  as  to  how  best  attack  the  DDT  problem  for  PDE  applica¬ 
tions. 


2  LAMINAR  TO  TURBULENT  FLAME  TRANSITION- 
ROLE  OF  INITIATOR 

The  role  of  an  igniter  in  DDT  is  to  create  an  initial  flame  kernel  that  will  grow 
as  a  laminar  flame.  In  confined  tubes  with  ignition  occurring  at  a  closed  end, 
the  laminar  flame  will  quickly  become  turbulent  due  to  the  various  instability 
mechanisms  discussed  in  the  Introduction.  Since,  for  a  fuel-air  mixture,  the 
laminar  flame  propagates  at  speeds  of  30-50  cm/s,  the  time  required  for  the 
flame  to  reach  the  tube  wall  and  make  the  transition  to  a  turbulent  flame  can 
comprise  the  majority  of  the  time  required  for  the  entire  DDT  process.  If  a 
sufficiently  powerful  igniter  is  used,  it  may  be  possible  to  bypass  the  laminar  to 
turbulent  flame  transition  process  entirely. 

This  is  illustrated  in  Fig.  2  a,  where  DDT  in  a  propane-oxygen-nitrogen 
mixture  at  1  bar  initial  pressure  occurs  in  a  15-centimeter-diameter,  2.2-meter 
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ib) 


Figure  2  Distance  vs.  time  (a)  and  velocity  vs.  distance  (6)  data  for  a  propane- 
oxygen-nitrogen  mixture  undergoing  DDT  in  a  IS-centimeter-diarneter  tube  with  reg¬ 
ularly  spaced  obstacles,  as  measured  by  ionization  probes  on  the  tube  wall,  iwo 
different  igniters  (spark  plug  and  flame  jet  from  precombustion  chamber)  are  shown 
(initial  pressure  1  bar) 
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long  tube.  If  the  typical  spark  plug  igniter  is  replaced  with  a  small  precom¬ 
bustion  chamber  in  which  the  combustion  products  jet  outward,  the  time  re¬ 
quired  for  DDT  is  reduced  by  a  factor  of  more  than  two  (see  x—t  diagram 
Fig.  2a).  ^  ’ 

Viewed  as  a  velocity-distance  {V-x)  diagram  (Fig.  26),  however,  the  results 
obtained  with  the  two  different  igniters  are  indistinguishable.  This  is  because, 
while  the  ignition  chamber  succeeds  in  creating  a  turbulent  flame  earlier,  the 
turbulent  flame  must  still  propagate  the  same  distance  before  reaching  velocities 
sufficient  for  the  onset  of  detonative  combustion.  This  result  is  in  sharp  contrast 
to  the  often-repeated  statement  found  in  the  PDE-related  literature:  that  a 
powerful  igniter  is  necessary  for  short  DDT.  While  the  laminar  to  turbulent  flame 
transition  comprises  the  majority  of  the  time  required  for  DDT,  it  is  negligible 
in  the  length  scale  required  for  DDT. 

While  it  may  be  argued  that  a  very  powerful  igniter,  or  array  of  igniters,  may 
be  capable  of  near-direct  initiation  of  detonation,  studies  of  detonation  initiation 
by  turbulent  flames  emerging  from  obstacle-laden  tubes  [11]  and  packed  beds  of 
porous  media  [12]  suggest  that  turbulent  flame  velocities  in  the  700-1000  m/s 
range  are  necessary  for  detonation  initiation,  with  turbulent  fluctuating  velocities 
on  the  order  of  the  sonic  speed.  This  would  necessitate  an  initiator  of  sonic 
or  supersonic  jets  of  hot  gas  (probably  combustion  products)  over  the  entire 
tube  area.  Such  an  initiator  would  likely  consist  of  a  volume  of  combustible 
gas  that  must  itself  undergo  transition  to  turbulent  flame  propagation  anyway. 
Even  if  such  an  initiator  can  be  realized,  the  length  scale  required  for  further 
acceleration  and  transition  to  detonation  is  still  very  large  (approximately  1  m 
in  Fig.  2).  Thus,  a  powerful  igniter  can  play  an  important  role  in  rapid  initiation 
techniques,  but  only  as  a  means  of  initially  creating  a  highly  turbulent  flame.  The 
acceleration  of  that  flame  to  detonation  still  consumes  a  considerable  distance. 

In  the  limit  of  a  large  diameter  jet  of  combustion  products,  direct  initiation 
of  detonation  is  possible  and  has  been  demonstrated  in  unconfined  environments 
for  a  variety  of  different  experimental  set  ups  [13-18].  These  experiments  usually 
involved  using  a  precombustion  chamber  in  which  a  highly  turbulent  flame  was 
developed  and  then  allowed  to  expand  into  the  main  chamber  via  an  abrupt 
expansion  or  by  passage  through  an  orifice  plate.  Thus,  these  experiments  are 
more  properly  thought  of  as  separating  the  turbulent  flame  acceleration  process 
from  the  final  onset  of  detonation  by  a  diaphragm  or  orifice  plate.  The  jet 
diameter  in  these  experiments  needed  to  be  much  greater  (typically  a  factor  of 
5  greater)  than  the  critical  tube  diameter  {dc  =  13 A)  for  successful  initiation. 
Jet  diameters  of  40-100A  were  often  required,  thus  making  this  type  of  initiation 
too  large  to  be  applied  directly  to  PDE. 

Results  [15]  and  the  more  recent  experiments  [19],  however,  suggest  that  tur¬ 
bulent  flames  may  be  capable  of  direct  initiation  upon  emerging  from  a  tube 
diameter  smaller  than  the  critical  diameter  for  detonation  transmission.  In  ad¬ 
dition,  the  effect  of  tube  confinement  on  this  mode  of  initiation  has  not  been 
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investigated  and  may  permit  direct  initiation  by  turbulent  flame  jets  to  be  real¬ 
ized  in  the  length  scales  of  interest  to  PDE’s. 


3  HIGH-SPEED  TURBULENT  FLAME 

ACCELERATION:  ROLE  OF  OBSTACLES 

Starting  with  the  work  of  Lafflte  [20]  and  Chapman  and  Wheeler  [21]  in  the 
1920’s,  the  role  of  obstacles  and  tube  wall  roughness  on  turbulent  flame  acceler¬ 
ation  has  been  extensively  studied  and  reported  [4,  5,  22].  The  current  picture 
of  the  role  of  obstacles  is  to  intensify  the  turbulent  shear  mixing  by  creating 
both  vortices  in  the  wake  of  the  obstacles  and  transverse  shock  waves.  Obstacles 
thus  permit  orders  of  magnitude  reduction  in  the  length  scale  required  for  DDT, 
and  their  presence  allows  turbulent  flames  to  propagate  at  steady  velocities  of 
1000  m/s,  as  opposed  to  the  100  m/s  typically  observed  in  smooth-walled  tubes. 
The  high  intensity  of  turbulent  mixing  induced  by  obstacles  and  the  hot  spot 
formation  mechanisms  such  as  Mach  reflections  occurring  off  obstacles  allows 
high-speed  turbulent  flames  to  mimic  cellular  detonative  combustion  and  thus 
propagate  at  very  high  speeds.  This  blurring  of  distinction  between  detonations 
and  very  high-speed  turbulent  flames  gives  rise  to  the  term  “quasi-detonation.” 

The  ability  of  obstacles  to  promote  very  high-speed  turbulent  flames  is  well 
illustrated  in  the  results  of  Chao  ei  al  [23],  in  which  a  30  x  30  cm  tube  with  a 
staggered  array  of  cylindrical  obstacles  giving  an  average  blockage  ratio  of  40% 
is  used  to  examine  quasi-detonation  propagation. 

Shown  in  Fig.  3  is  the  trajectory  of  a  flame  in  a  stoichiometric  methane-air 
mixture  propagating  down  this  tube.  The  flame  accelerates  within  3-4  m  (10-12 
tube  diameters)  to  a  velocity  of  1000  m/s.  This  velocity  is  more  than  200  m/s 
greater  than  the  maximum  turbulent  flame  velocity  that  was  previously  observed 
in  a  stoichiometric  methane-air  mixture  in  a  similar  diameter  tube  with  orifice- 
plate  obstacles  [4].  Thus,  the  obstacle  geometry  can  play  a  significant  role  in  the 
acceleration  and  terminal  velocity  of  a  turbulent  flame.  The  methane-air  flame 
does  not  transit  to  detonation  (Vcj  =  1-8  km/s),  however.  Indeed,  a  methane-air 
mixture  has  never  been  shown  to  detonate  under  laboratory  conditions,  because 
it  is  an  extremely  insensitive  mixture  with  a  detonation  cell  size  on  the  order  of 
30  cm.  In  order  for  a  detonation  to  propagate,  the  tube  diameter  must  typically 
be  at  least  one  cell  width  in  diameter.  In  Fig.  3,  the  fact  that  the  passage  between 
obstacles  is  less  than  one  cell  width  effectively  “denies”  the  turbulent  flame  the 
ability  to  detonate.  To  make  the  final  transition  to  detonation,  the  length  scales 
of  the  tube  must  be  consistent  with  the  chemical  length  scales  of  the  explosive 
mixture  (induction  length,  cell  size,  etc.).  This  limit  is  not  so  easily  overcome, 
and  requires  that  the  mixture  be  conditioned  or  sensitized  in  some  way  to  reduce 
the  relevant  chemical  length  scale. 
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4  ONSET  OF  DETONATION: 
SENSITIVITY  OF  MIXTURE 


While  chemical  kinetics  plays  a  role  in  laminar  and  turbulent  flame  propagation, 
it  is  only  with  the  shock-initiated  reactions  of  the  final  onset  of  detonation  Uiat 
the  exponential  nature  of  kinetic  rates  dominates  the  propagation  mechanism. 
Compared  to  laminar-turbulent  flame  transition  and  the  acceleration  of  turbu¬ 
lent  flames,  chemical  sensitization  or  desensitization  of  combustible  gases  for 
detonability  has  received  comparatively  little  attention.  The  work  that  is  aval  - 
able  suggests  that  halogenated  compounds,  typically  thought  of  as  inhibitors  for 
flammability,  may  in  fact  act  as  sensitizers  for  detonation.  Moen  ei  al.  [24]  and 
Vandermeiren  and  Van  Tiggelen  [25]  both  found  that  CFsBr  had  a  slight  sensitiz¬ 
ing  effect  on  hydrocarbon-air  detonations.  Likewise,  Egerton  and  Gates  [2b,  27J 
found  that  lead  tetraethyl  (an  antiknock  agent)  resulted  in  a  reduced  length  or 
transition  to  detonation,  despite  the  compound’s  expected  role  as  a  scavenger 
of  free  radicals.  Later  experiments  by  Shchclkin  and  Sokolik  [28]  with  increased 
concentrations  of  lead  tetraethyl  did  show  an  increase  in  the  length  required  for 
transition  to  detonation. 

Given  the  limited  data  available  on  sensitization  of  detonable  mixtures, 
the  most  significant  effect  was  demonstrated  by  the  cool  flame  experiment  of 
Shchelkin  and  Sokolik  [29].  They  injected  a  mixture  of  pentane  and  oxygen 
(250-370  Torr)  into  a  heated  tube  (325-400  °C)  and  ignited  the  mixture  at  one 
end  after  a  specified  delay.  If  the  delay  was  longer  than  the  half-second  permd 
required  for  a  cool  flame  oxidation  process  to  be  effected,  a  significant  reduction 
in  the  length  required  for  the  mixture  to  detonate  was  observed  (from  80  to 
40  cm).  Their  conclusion  was  that  the  presence  of  relatively  long-lived  peroxide 
radicals  in  mixtures  processed  by  cool  flame- oxidation  resulted  in  significant  y 
increased  kinetic  rates  and  thus  a  reduction  in  the  run-up  distance  to  detona- 

tion.  Ill 

In  order  to  further  investigate  the  role  of  free  radicals  on  the  length  scales 

required  for  DDT,  Yoshinaka  ei  al.  [30,  31]  have  recently  conducted  an  inves¬ 
tigation  using  a  system  of  gaseous  hydrogen  and  chlorine.  This  system  per¬ 
mits  the  use  of  a  UV  light  source  to  photochemically  dissociate  the  molecular 
chlorine  into  chlorine  radicals,  thus  uniformly  presensitizing  a  quiescent  mix¬ 
ture.  The  schematic  of  the  experiment  is  shown  in  Fig.  4.  For  a  mixture  o 
I.5H2  -b  CI2  at  4.8  kPa,  steady  illumination  from  the  UV  light  will  result  in 
the  mixture  undergoing  autoignition  after  approximately  200  ms.  If  the  mix¬ 
ture  is  ignited  at  one  end  via  a  weak  spark  prior  to  autoignition,  the  effect  ol 
free  radicals  on  the  transition  to  detonation  can  be  observed.  Figure  5  shows 
the  velocity  of  the  combustion  wave  (as  monitored  by  photodiodes  mounted 
along  the  tube)  for  experiments  with  and  without  UV  prcsensitization.  Note 
that  the  envelopes  shown  enclose  ten  repeated  experiments  for  both  cases  (with 
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Figure  4  Schematic  of  experiment  to  examine  the  effect  on  DDT  of  free  radicals 
created  in  hydrogen-chlorine  mixtures  by  UV  light 


and  without  UV  irradiation)  to  incorporate  the  inherent  scatter  present  in  any 
DDT  experiment.  The  flame  trajectories  agree  for  the  two  cases  until  the 
flame  reaches  approximately  1000  m/s,  whereupon  the  UV-sensitized  mixture 
promptly  transitions  to  detonation  with  a  significant  overshoot  of  the  CJ  veloc¬ 
ity,  while  the  unsensitized  mixture  takes  approximately  20%  longer  to  initiate 
and  does  so  only  after  a  period  of  nearly  constant  velocity  flame  propagation. 
This  result  reinforces  the  idea  that  the  effect  of  chain-initiating  chemical  radi¬ 
cals,  and  therefore  the  role  of  kinetic  rates  in  general,  only  becomes  significant 
in  the  final  stages  of  DDT  when  shock-initiated  reactions  are  the  propagation 
mechanism. 

Other  than  the  cool  flame  experiment  of  Shchelkin  and  Sokolik  [29],  a  sim¬ 
ilar  presensitization  of  hydrocarbon-air  mixtures  has  not  been  demonstrated. 
For  PDE  applications,  additives  such  as  acetylene  [32],  nitrates  such  as  iso¬ 
propyl  nitrate  [33,  34],  and  conventional  fuel  additives  dimethyl  ether  (DME)  and 
2-ethylhexyl  nitrate  (2-EHN)  [35]  are  currently  being  considered  as  sensitizers 
to  reduce  the  length  scales  of  hydrocarbon-air  detonations. 

Based  on  detonation  cell  size,  acetylene  is  the  most  sensitive  of  any  hydro¬ 
carbon  fuel  in  air  and  thus  is  an  obvious  candidate  as  a  sensitizing  agent  for 
fuel-air  mixtures.  Such  a  sensitization  effect  is  observed  in  natural  gas  [36].  The 
addition  of  relatively  small  amounts  (5%)  of  ethane  to  methane,  such  as  found 
in  natural  gas,  results  in  the  induction  time  being  reduced  by  a  factor  of  two, 
thus  rendering  the  mixture  much  more  sensitive  than  pure  methane.  Recent 
results  obtained  at  McGill  University,  however,  suggest  that  acetylene’s  role  as 
a  sensitizer  of  hydrocarbon  fuels  is  merely  a  linear  interpolation  between  the 
unsensitized  mixture  and  pure  acetylene  in  air.  Figure  6  shows  results  for  a 
propane-acetylene-oxygen-nitrogen  mixture  where  the  oxygen- to- nitrogen  ratio 
IS  fixed  at  ^  =  3.0  (corresponding  to  oxygen-enriched  air).  As  the  percent¬ 
age  of  acetylene  in  the  fuel  (a)  is  changed,  the  oxygen  concentration  is  varied 
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Figure  5  Velocity  vs.  distance  data  demonstrating  the  effect  of  UV  presensitization 
for  I.5H2  +  CI2  mixtures  at  initial  pressure  4.8  kPa 


Figure  6  Velocity  vs.  distance  data  showing  the  effect  on  DDT  of  adding  acetylene 
to  a  propane-oxygen-nitrogen  mixture  (constant  stoichiometry,  initial  pressure  1  bar) 
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Figure  7  Reduction  in  run-up  distance  to  detonation  as  a  function  of  acetylene 
concentration 


to  maintain  a  stoichiometric  fuel  equivalence  ratio.  The  velocity  of  the  com¬ 
bustion  wave  as  measured  by  ionization  probes  along  the  tube  is  plotted  in 
t'ig.  6  (the  details  of  the  apparatus  are  the  same  as  for  Fig.  2).  The  run-up 
distance  to  detonation  as  a  function  of  a  is  plotted  in  Fig.  7,  and  the  addi¬ 
tion  of  a  small  amount  of  acetylene  is  not  seen  to  have  the  desired  sensitization 
effect. 

The  addition  of  various  nitrates  (isopropyl  nitrate,  2-ethylhexyl  nitrate,  etc.) 
to  a  hydrocarbon  fuel  is  suggested  to  have  an  effect  due  to  the  formation  of 
NO2  by  the  decomposition  of  the  nitrate,  which  reacts  with  methyl  radicals 
to  produce  OH  radicals  [33].  Rather  than  investigate  the  effect  of  these  various 
nitrates,  which  is  complicated  by  their  typically  low  vapor  pressure  at  room  tem¬ 
perature,  a  preliminary  investigation  of  direct  NO2  addition  to  hydrocarbon-air 
mixtures  has  recently  been  done  at  McGill  University.  Again  using  propane  in 
oxygen-enriched  air  as  a  baseline  mixture,  NO2  was  added  to  the  mixture  and 
the  effect  of  different  concentrations  was  observed.  The  baseline  mixture  was 
slightly  propane-rich  in  oxygen-enriched  air:  mixture  (a)  CsHs  +  5(0.9502  d- 
3N2)  at  initial  pressure  of  1  bar.  The  result  of  10  repeated  experiments  in 
mixture  (a)  is  shown  as  a  shaded  envelope  in  Fig.  8.  Adding  0.5  Torr  of 
NO2  to  mixture  (a),  representing  --  1%  addition  to  the  fuel  content,  resulted 
in  no  noticeable  change  in  the  run-up  distance  to  detonation.  Increasing  the 
NO2  concentration  to  4  Torr  or  -  10%  addition  to  the  fuel,  resulted  in  a 
shortening  of  the  run-up  distance  to  detonation  by  0.3  m  (corresponding  to 
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Figure  8  Velocity  vs.  distance  data  showing  the  effect  on  DDT  of  adding  NO2  to  a 
propane— oxygen-nitrogen  mixture  (initial  pressure  1  bar) 


two  tube  diameters),  but  this  same  reduction  in  run-up  length  can  also  be  ef- 
fected  by  increasing  the  oxygen  partial  pressure  by  9  Torr,  bringing  the  mix¬ 
ture  to  stoichiometric,  (mixture  (b)).  Since  the  effect  of  NO2  addition  is  com¬ 
parable  to  simply  adding  oxygen,  it  may  merely  result  in  an  energetic  effect 
rather  than  a  chemical  sensitization  that  significantly  accelerates  the  kinetic 
rates*.  These  results  suggest  that  NOo  is  not  an  effective  sensitizer.  Nitrates 
that  decompose  to  form  NO2  do  not  appear  to  have  a  very  significant  sensi¬ 
tization  effect  either  [33,  34].  An  additive  that  plays  a  substantial  role  in  ac¬ 
celerating  the  chain  initiation  and  branching  mechanisms  has  yet  to  he  identi- 
fled. 


5  CONCLUDING  REMARKS 

As  DDT  is  an  extremely  complex  phenomenon,  incorporating  numerous  differ¬ 
ent  mechanisms  and  orders  of  magnitude  variations  in  propagation  velocity,  it  is 
essential  that  studies  of  DDT  carefully  isolate  the  effect  being  examined.  The 
results  reviewed  in  this  paper  showed  that  the  effect  of  a  spark  igniter  for  fuel-air 

*Note  that  NO2  is  partially  polymerized  to  the  dimer  N2O4  at  room  temperature  (30% 
NO2,  70%  N2O4  at  20  ®C).  Thus,  the  effect  of  adding  NO2/N2O4  should  be  compared  to 
adding  an  equivalent  number  of  oxygen  atoms. 
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mixtures  is  confined  to  promoting  a  more  rapid  transition  from  laminar  to  tur¬ 
bulent  flame  and  does  not  significantly  influence  the  run-up  distance  required  for 
detonation.  Only  with  a  turbulent  jet  igniter  of  very  large  diameter  {d  >  lOA) 
can  the  intensities  and  scales  of  turbulence  necessary  for  the  direct  onset  of  det¬ 
onation  be  realized.  Obstacles  on  the  tube  wall  can  increase  the  intensity  of 
turbulence  in  the  flame  and  introduce  transverse  pressure  fluctuations  (shocks), 
and  thus  dramatically  increase  the  burning  rate  and  strength  of  compression 
waves  sent  ahead  of  the  flame.  This  sets  the  stage  for  shock-induced  combustion 
and  the  onset  of  detonation  by  the  formation  of  explosion  centers,  but  deto¬ 
nation  will  not  occur  if  the  tube  is  smaller  than  the  characteristic  detonation 
length  scale  (the  cell  size).  It  is  in  this  final  onset  of  detonation  that  kinetic 
rates  dominate  the  transition  mechanism  and  the  presence  of  free  radicals  or 
other  chemical  sensitizers  can  have  a  pronounced  effect.  An  efficacious  sensitizer 
for  hydrocarbon  fuel-air  mixtures  has  yet  to  be  identified,  but  the  cool-flame 
experiments  of  Shchelkin  and  Sokolik  [29],  in  which  a  heavy  hydrocarbon  fuel  is 
re-formed  via  a  partial  oxidation  process  to  more  sensitive  hydrocarbons  and  free 
radicals,  appears  to  be  a  promising  way  to  dramatically  reduce  the  transition 
length  to  detonation. 

In  light  of  the  fact  that  DDT  is  an  ensemble  of  various  mechanisms,  the 
results  reported  in  this  paper  represent  the  same  shortcomings  as  prior  work  in 
DDT:  examining  the  run-up  distance  to  detonation  alone  does  not  isolate  the 
various  mechanisms  involved.  Rather,  future  work  on  DDT  should  be  focused 
on  defining  the  basic  scaling  laws  for  DDT,  and  then  relating  these  laws  to 
more  fundamental  parameters,  such  as  the  ratio  of  mixture  cell  size  to  tube 
diameter. 
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INITIATION  OF  COMBUSTION 
AND  DETONATION  IN  H2  +  O2  MIXTURES 
BY  EXCITATION  OF  ELECTRONIC  STATES 

OF  OXYGEN  MOLECULES 


A*  M.  Starik  and  N.  S.  Titova 


A  kinetic  model  to  describe  combustion  and  detonation  initiation  in 
oxygen-hydrogen  mixtures  by  activating  molecular  oxygen  in  electronic 
discharge  has  been  developed.  The  mechanisms  of  combustion  initiation 
in  an  adiabatic  closed  reactor  and  in  a  supersonic  flow  behind  an  oblique 
shock  wave  front  by  the  excitation  of  oxygen  molecules  to  the 
electronic  state  and  by  activation  of  the  molecules  in  electric  discharge 
are  analyzed.  Abundance  of  electronically  excited  oxygen  molecules  in  a 
reacting  mixture  is  shown  to  result  in  a  significant  decrease  of  the  self- 
ignition  temperature  as  well  as  induction  and  combustion  zone  lengths  in 
a  supersonic  flow  behind  the  shock  wave.  Activation  of  oxygen  molecules 
in  electric  discharge  is  much  more  efficient  in  promoting  the  combustion 
and  detonation  processes  compared  to  the  case  when  only  02(a^Ag) 
molecules  are  generated  in  the  mixture. 


1  INTRODUCTION 

In  recent  publications,  the  possibility  to  efficiently  control  the  initiation  of  det¬ 
onation  and  combustion  processes  by  the  excitation  of  the  internal  degrees  of 
freedom  of  reactant  molecules  has  been  extensively  discussed.  Preliminary  exci¬ 
tation  of  molecular  vibrations  of  the  reacting  molecules  was  shown  to  result  in 
a  significant  decrease  of  the  induction  and  combustion  times  or  induction  and 
combustion  zone  lengths  behind  detonation  waves  in  a  supersonic  flow  [1-3]. 

Excitation  of  electronic  molecular  states  can  also  affect  the  combustion  and 
detonahon  kinetics  [4].  The  latter  phenomenon  has  not  been  properly  discussed 
in  the  literature,  apparently  because  of  considerable  difficulties  arising  in  the  sim¬ 
ulation  of  kinetic  processes  involving  electronically  excited  species.  To  create  the 
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kinetic  model  including  chemical  reaction  with  electronically  excited  molecules, 
it  is  necessary  to  significantly  increase  the  number  of  elementary  stages.  The  ex¬ 
citation  affects  the  rate  constants  of  chemical  reactions  and,  hence,  the  dynamic 
and  thermodynamic  characteristics  of  combustion  and  detonation.  Electronic 
states  of  molecules  can  be  efficiently  excited  in  an  electric  discharge  or  by  reso- 
nant  laser  radiation. 

This  paper  discusses  the  kinetic  processes  of  combustion  and  detonation  ini¬ 
tiation  in  an  adiabatic  closed  reactor  and  in  a  supersonic  flow  behind  a  shock 
wave  propagating  in  a  H2  O2  mixture  with  O2  molecules  excited  in  electric 
discharge. 


2  KINETIC  MODEL 

One  of  the  most  important  and  complicated  problems  deals  with  constructing  a 
set  of  elementary  processes  which  would  adequately  predict  the  principal  combus¬ 
tion  characteristics.  To  obtain  the  general  mechanisms  of  combustion  initiation 
in  H2  +  O2  mixtures  within  a  wide  range  of  initial  temperatures,  a  series  of  mod¬ 
eling  calculations  in  an  adiabatic  closed  reactor  were  carried  out  using  several 
kinetic  schemes.  Within  the  approximation  of  an  inviscid  gas  with  zero  thermal 
conductivity,  the  system  of  governing  equations  is  similar  to  that  presented  m  [2]. 
For  combustion  of  H2  +  O2  mixtures,  a  fairly  complete  description  is  provided 
by  a  29-step  chemical  kinetic  scheme  involving  the  following  species:  H2,  O2, 
H2O,  OH,  O,  H,  HO2,  H2O2,  and  O3  [5].  The  list  of  reactions  with  the  appro¬ 
priate  rate  coefficients  for  forward  k+g{T)  and  reverse  fc-,(r)  reactions  m  the 
Arrhenius  form  k,{T)  =  exp{E^JT)  are  given  in  Table  1  and  numerated 

from  1  to  29.  In  the  present  analysis  several  kinetic  schemes  were  considered: 

(I)  A  scheme  composed  of  reactions  1  to  9,  involving  H2,  O2,  H2O,  OH,  O, 
and  H  species; 

(II)  A  scheme  composed  of  reactions  1  to  23,  involving  Ho,  O2,  H2O,  OH,  O, 
H,  HO2,  and  H2O2  species;  and 

(III)  A  complete  scheme  composed  of  reactions  1  to  29. 

Table  2  shows  the  results  of  numerical  calculations  of  the  induction  time  Tin, 
burning  time  Tc  and  final  temperature  Tc  for  the  oxygen-hydrogen  mixture  with 
H2/O2  =  2/1  burning  under  adiabatic  conditions  at  initial  pressure  Pq  “  10  kPa 
and  various  values  of  the  initial  temperature  To  for  the  three  kinetic  schemes  men¬ 
tioned  above.  In  these  calculations,  it  is  assumed  that  vibrational,  rotational  and 
translational  degrees  of  freedom  of  molecules  are  in  thermodynamic  equilibrium. 
The  results  show  that  at  To  >  800  K  all  the  kinetic  schemes  give  close  values  for 
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Table  1  Chemical  reactions  taken  into  account  in  kinetic  modeling  of  combustion  of 
H2  +  O2  mixture  and  the  corresponding  reaction  rate  coefficients 


No  Reaction 

(cm^ 

/mol)’ 

x-lg-l 

k-q^  (cm^ 

/mol) 

n^rpn- 

A, 

nq 

Taq 

nq 

Eaq 

1  H2O  +  M  =  OH  +  H  +  M 

1(24) 

-2.2 

-59000 

2.2(22) 

-2 

0 

2  H2  +  M  =  2H  +  M 

2.2(14) 

0 

-48300 

9(17) 

-1 

0 

3  O2  +  M  =  20  +  M 

2.6(18) 

0 

-59580 

1.1(14) 

-1 

900 

40H+M=0+H+M 

8.5(18) 

-1 

-50830 

7.1(18) 

-1 

0 

5  H2  +  0  =  OH  +  H 

1.8(10) 

1 

-4480 

8.3(9) 

1 

-3500 

6  O2  +  H  =  OH  +  0 

2.2(14) 

0 

-8455 

1.3(13) 

0 

-350 

r  H2O  +  0  =  20H 

5.8(13) 

0 

-9059 

5.3(12) 

0 

-503 

8  H2O  +  H  =  OH  +  H2 

8.4(13) 

0 

-10116 

2(13) 

0 

-2600 

9  H2  +  O2  =  20H 

1.7(15) 

0 

-24200 

1.7(13) 

0 

-24100 

10  HO2  +  M  =  H  +  02+M 

gi- 2.1(15) 

0 

-23000 

1.5(15) 

0 

500 

iJ  H2  +  O2  =  H  +  HO2 

1.9(13) 

0 

-24100 

1.3(13) 

0 

0 

12  H20  +  0  =  H  +  H02 

4.76(11) 

0.372 

-28743 

1(13) 

0 

-540 

13  H2O  +  O2  =  OH  +  HO2 

1.5(15) 

0.5 

-36600 

3(14) 

0 

0 

14  H2O  +  OH  =  H2  +  HO2 

7.2(9) 

0.43 

-36100 

6.5(11) 

0 

-9400 

15  20H  =  H  -h  HO2 

1.2(13) 

0 

-20200 

2.5(14) 

0 

-950 

16  OH  +  O2  =0  +  H02 

1.3(13) 

0 

-28200 

5(13) 

0 

-500 

17  H2O2  +  M  =  20H  +  M 

1.2(17) 

0 

-22900 

9.1(14) 

0 

2650 

i8  H  +  H2O2  =  H2  +  HO2 

1.7(12) 

0 

-1900 

6(11) 

0 

-9300 

19  H  +  H2O2  =  H2O  +  OH 

5(14) 

0 

-5000 

2.4(14) 

0 

-40500 

20  2H02  =  H2  02  +  02 

gi  • 1.8(13) 

0 

-500 

3(13) 

0 

-21600 

21  HO2  +  H2O  =  H2O2  +  OH 

1.8(13) 

0 

-15100 

1(13) 

0 

-910 

22  OH  +  HO2  =  H2O2  +  0 

5.2(10) 

0.5 

-10600 

2(13) 

0 

-2950 

23  H2O  -{-  O2  =  H2O2  +  0 

3.4(15) 

0.5 

-44800 

gx- 8.4(11) 

0 

-2130 

24  O3  +  M  =  O2  +  0  +  M 

Qx  ‘  4(14) 

0 

-11400 

6.9(12) 

0 

1050 

25  O3  +  H  =  OH  +  O2 

2.3(11) 

0.75 

0 

4.4(7) 

1.44 

-38600 

26  O3  -j-  0  =  2U2 

1.1(13) 

0 

-2300 

1.2(13 

0 

-50500 

27  O3  +  OH  =  HO2  +  O2 

gx- 9.6(11) 

0 

-1000 

9(8) 

0 

0 

28  O3  +  H2  =  OH  +  HO2 

6(10) 

0 

-10000 

29  O3  +  HO2  =  OH  +  2O2 

gx  •  2(10) 

0 

-1000 

Continued 


Tin  and  Tc.  However  at  To  <  800  K,  the  corresponding  values  of  and  Tc 

significantly  differ.  Schemes  I  and  II  do  not  provide  the  accurate  values  of 
Tc,  and  Tc.  Thus,  in  order  to  analyze  the  mechanisms  of  combustion  initiation 
in  a  H2  +  O2  system,  one  has  to  use  the  complete  kinetic  scheme  III  involving 
29  reactions. 

Under  preexcitation  of  O2  molecules  in  the  a}/S.g  electronic  state,  the  ki¬ 
netic  scheme  III  has  to  be  supplemented  with  processes  including  excited  oxygen 
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Table  1  Chemical  reactions  taken  into  account  in  kinetic  modeling  of  combustion  of 
H2  +  O2  mixture  and  the  corresponding  reaction  rate  coefficients  (Continued) 


No  Reactions 

k+Q,  (cm'^/mol)"  ^s  ^ 

k^q,  (cm'^/mol)' 

Aq  Uq 

Eaq 

A, 

flq 

Eaq 

Reactions  with  02(0^  Ag) 

30  0  +  0 -f-M  = 

02(<jt^  Ag)  +  M 

2.6(18) 

0 

-48188 

31  HO2  +  M  = 

02(a'A„)  +  H  +  M  ga- 2.1(15)  0 

-23000 

1.5(15) 

0 

500 

32  2HO2  =H202  +02(a'As)  « 

ra’ 1.8(13)  0 

-500 

33  O3  +  0  =  O2  +  02(tt^  Ag) 

1.2(13) 

0 

-39604 

34  H  +  O3  =  OH  +  02(u^ Ag) 

4.4(7) 

1.44 

-27225 

35  O3  +  OH  =  HO2  +  02(u^  Ag)  1 

,a- 9.6(11)  0 

-1000 

36  O3  +  HO2  = 

OH  +  02  +  02(0*  As) 

ga-2(io)  0 

-1000 

37  O3  +  M  = 

0  +  O2  Ag)  +  M 

g„.4(14)  0 

-11400 

6.9(12) 

0 

1050 

38  H  +  02(a*Ag)  =  OH  +  0 

1.1(14)  0 

-3188 

5.8(12) 

0 

-6224 

39  H2  +  02(a*As)  =  20H 

1.7(15)  0 

-17080 

40  H2  +  02(a*Ag)  =  H  +  H02 

2.1+)  0 

-18216 

6(12) 

0 

-1518 

41  H2O  +  02(0*  Ag)  =  OH  +  HO2 

1.5(15)  0.5  -25521 

42  OH  +  02(0*  Ag)  =  0  +  HO2 

1.3(13)  0 

-17007 

43  H2O  +  02(0*  Ag)  =  H2O2  +  0 

g»- 8.4(11) 

0 

-2130 

44  O3  +  02(a^ Ag)  =  02+02  +0 

>  3.12(13)  0 

-2840 

45  02(0*  Ag)  +  M  =  O2  +  M 

M  =  0,H 

4.2(8)  0 

0 

M  =  03 

2.4(9)  0 

0 

M  =  O2 

1.02(6)  C 

0 

M  =  H2 

2.7(6)  c 

0 

M  =  H20,0H,H02,H202 

3.36(6)  C 

0 

Remark;  A{m)  corresponds  to  A  •  10”^. 


molecules.  These  processes  are  listed  in  Table  1  with  numbers  from  30  to  45. 
Consider  briefly  the  problems  arising  in  determining  the  reaction  rates  for  these 
processes.  Excitation  of  vibrational  or  electronic  states  of  the  reactant  molecules 
is  known  to  reduce  the  barriers  of  endoergic  reactions.  According  to  [7],  the 
rate  coefficient  of  reactions  involving  excited  molecules  may  be  written  in  the 
form 


kexq  =  A^exp  (  - 


'aq 


dnE 


q^exq 


T 


(1) 
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Table  2  Calculated  values  of  Tin,  Tc  (in  s),  and  Tc  (in  K)  for  combustion  of  the 
oxygen-hydrogen  mixture  with  H2/O2  =  2/1  under  various  initial  temperatures  with 
using  different  kinetic  schemes 


To 

Tin 

Tc 

Tc 

Tin 

550 

3.15(-1) 

3.15(-1) 

2845 

2.22(6) 

600 

8.77(-2) 

8.8^2) 

2836 

8.25(4) 

800 

2.80(-3) 

3.26(-3) 

2810 

3.21(-1) 

1000 

4.02(-4) 

1.04(-3) 

2792 

3.88(-4) 

1200 

1.22(-4) 

8.51(-4) 

2779 

1.22(-4) 

Remark:  A{m)  corresponds  to  A  •  10”^. 


Tc 

Tc 

Tin 

Tc 

Tc 

2.22(6) 

2673 

2.35 

2.35 

2673 

8.25(4) 

2666 

9.37(-l) 

9.37(-l) 

2666 

3.58(-3) 

2644 

3.16(-3) 

3.5^3) 

2644 

8.88(-4) 

2631 

3.88(-4) 

8.88(-4) 

2631 

7.72  (-4) 

2622 

1.22(-4) 

7.72^4) 

2622 

where  Aq  is  the  preexponential  factor  of  the  rate  coefficient  for  nonexcited 
species;  Eaq  is  the  activation  energy  of  an  endoergic  reaction;  Eexq  is  the  energy 
of  an  excited  state  of  a  reacting  molecule;  T  is  the  translational  temperature; 
cxq  is  the  coefficient  of  utilization  of  the  electronic  or  vibrational  energy.  At 
Eexq  "C  Eaq,  the  magnitude  of  aq  can  be  represented  in  the  first  approximation 
by  the  equation  [7]: 


a 


q 


Etq 
Etq  + 


(2) 


where  is  the  activation  energy  of  the  qth  chemical  reaction  in  the  direc¬ 
tion  of  destruction  of  an  excited  molecule,  and  E^q  is  the  activation  energy  for 
formation  of  that  molecule.  For  excited  O2  molecules  in  a^Ag  electronic  state, 
Eex  ~  11172  K.  Using  Eqs.  (1)  and  (2),  the  rate  coefficients  for  reverse  reac¬ 
tions  30,  33,  and  34  and  forward  reactions  39,  41,  and  42  were  estimated.  In  the 
case  of  a  vanishing  energetic  barrier  for  a  chemical  reaction  (recombination  reac¬ 
tions),  the  reaction  products  can  be  formed  in  electronic  excited  states  02(a^Aj) 
and  02{b^l2g).  For  these  cases,  it  was  assumed  that  the  probability  of  produc¬ 
tion  of  O2  molecules  in  different  electronic  states,  qe,  is  derived  in  accordance 
with  its  degeneration  multiplicity  For  the  ground  02(A:^E“)  state,  q^  =  0.5; 
for  02(0^ A^)  5a  =  0.33;  and  for  02(^^S+)  —  qb  —  0.17.  In  this  study,  the 
processes  involving  02(6^ Ej")  molecules  were  disregarded.  It  was  supposed  that 
for  02(0^ A^)  production  channels  qe  =  0.33  +  0.17  =  0.5.  In  this  way,  the  rate 
coefficients  were  calculated  for  forward  reactions  31,  32,  35,  36,  and  37  and  for 
reverse  reaction  43.  The  rate  coefficients  for  barrier  (forward  reactions  30,  33, 
and  34  and  reverse  reactions  39,  41,  and  42)  as  well  as  for  nonbarrier  processes 
(reverse  reactions  32,  35,  and  36  and  forward  reaction  43)  were  evaluated  using 
the  equation  of  detailed  equilibrium.  The  temperature  dependencies  of  the  rate 
coefficients  for  exchange  reactions  38  and  40  in  forward  and  reverse  directions 
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were  taken  from  [4]  and  for  reaction  44  —  from  [8].  The  rate  coefficients  for 
electron-translational  relaxation  processes  involving  02(fl^A^)  were  selected  in 
conformity  to  the  recommendation  [9].  When  considerating  combustion  pro¬ 
cesses  involving  reactions  1  to  29  without  participation  of  02(0^  A^)  molecules, 
it  was  assumed  that  qj,  =  1. 


3  ON  MECHANISMS  OF  LOW-TEMPERATURE 

INITIATION  OF  COMBUSTION  IN  H2  +  O2  SYSTEM 


Figure  1  Predicted  dependencies  t§{To) 
(dotted  curve)  and  ri„(To)  for  the  oxygen- 
hydrogen  mixture  with  H2/O2  =  2/1  at  Po  = 
10  kPa  without  preexcitation  of  O2  molecules 
(solid  curve)  and  with  preexcitation  of  O2 
molecules  (dashed  curves  1~4  correspond  to 
(7o,(aiA,)/7o,  =  10-",  10-^  5•10-^  and  0.1, 
respectively) 


First  the  effect  of  preexcitation  of 
oxygen  molecules  to  electronic 
state  a^A^  on  self-ignition  of 
H2  T  O2  mixture  in  a  closed  adi¬ 
abatic  reactor  of  radius  Ra  is  con¬ 
sidered.  It  is  known  that  H2  -b  O2 
combustion  is  initiated  by  build¬ 
up  of  OH  radicals,  0  and  H  atoms. 
Formation  of  the  active  radicals 
is  limited  by  the  characteristic 
chemical  reaction  time  that 
determines  the  induction  time  Tin- 
Active-radical  transport  from  the 
reaction  zone  is  due  to  diffusion 
with  a  characteristic  time  “ 
min{r.^},  where  =  ^l/Dik 
and  Dik  is  the  coefficient  of  mul¬ 
ticomponent  diffusion.  The  mix¬ 
ture  self- ignites,  if  Tin  < 

rP .  In  H2  -f  O2  mixtures  rP  cor¬ 
responds  to  the  diffusion  time  of 
H  atoms  (r^). 


Figure  1  shows  the  r^(To)  and  r.„(To)  dependencies  calculated  for  the 
oxygen-hydrogen  mixture  with  H2/O2  =  2/1  at  Pq  =  10  kPa  without  and 
with  preexcitation  of  O2  molecules  to  the  n^A^  electronic  state.  It  is  seen  that 
excitation  of  O2  molecules  reduces  the  self-ignition  temperature  (self-ignition 
temperature  is  calculated  from  the  condition  Tin  =  7*^)*  Without  preexcitation, 
the  mixture  self-ignites  at  To  =  580  K.  Upon  a  fairly  weak  preexcitation  of  O2 
molecules  (mole  fraction  of  02(fl^Ay)  molecules  703(01  a<,)/702  ” 
ignites  at  To  «  500  K.  Moreover,  at  high  degree  of  excitation  of  O2  molecules 
(702(aiAg)/702  =  0.1),  the  self-ignition  temperature  drops  to  300  K. 
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To  explain  this  phenomenon,  consider  the  mechanisms  of  combustion  initia¬ 
tion  in  the  case  without  and  with  preexcitation.  Without  preexcitation,  the  main 
reaction  that  initiates  active-radical  formation  at  low  and  high  temperatures  is 
H2  +  O2  =  20H.  Formation  of  OH  radicals  leads  to  generation  of  H  atoms  by 
reaction  8  in  reverse  direction  (the  numbers  of  reactions  correspond  to  numer¬ 
ation  in  Table  1),  H  atoms  participate  in  two  different  processes.  One  of  them 
produces  O  atoms  in  reaction  6  and  triggers  the  chain  combustion  mechanism. 
The  other  results  in  destruction  of  H  atoms  and  production  of  HO2  radicals 
(reverse  reaction  10).  At  T  >  800  K,  the  rate  of  the  first  process  is  greater 
than  that  of  the  second.  However  at  300  K  <  T  <  600  K  the  situation  re¬ 
verses.  In  this  temperature  range,  an  additional  source  of  O  atoms  is  the  re¬ 
action  of  ozone  dissociation  24.  Ozone  is  formed  by  reaction  of  HO2  radicals 
with  O2  molecules  (reverse  reaction  27).  At  T  <  600  K,  the  dissociation  rate 
of  ozone  is  close  to  the  formation  rate  of  0  atoms  by  the  reaction  initiating 
the  chain  mechanism  (reaction  6).  The  chain  mechanism  is  completed  by  reac¬ 
tion  5. 

Preexcitation  of  O2  molecules  to  the  electronic  state  brings  about  a 
new  additional  channel  of  OH  radical  formation  (reactions  38,  39),  which  en¬ 
hances  the  chain  combustion  mechanism.  These  processes  with  participation 
of  02(a^Aj)  molecules  proceed  much  faster  than  the  appropriate  processes  in¬ 
volving  oxygen  molecules  in  the  ground  electronic  state  02(X^Sj)  (reactions  9 
and  6).  At  low  initial  temperatures  (To  <  550  K),  reaction  44  with  participation 
of  O3  and  02(a^A^)  molecules  begins  to  play  a  significant  role  in  production 
of  O  atoms.  Promotion  of  formation  of  OH  radicals  and  0  atoms  intensifies 
the  chain  mechanism  of  combustion  and  reduces  the  induction  period  and  self¬ 
ignition  temperature. 

These  processes  are  illustrated  in  Fig.  2  which  shows  time  histories  of  the 
rates  Sig  of  reactions  producing  H,  0,  and  OH  during  combustion  of  the  oxygen- 
hydrogen  mixture  with  H2/O2  =  2/1  under  preexcitation  of  O2  molecules  in  the 
a^A^  electronic  state  (TOsCaiA,)/?©^  =  0.1). 

Rates  Szg  are  specified  by  the  equations: 


Sig  — - 


(a 


tq  ^tq) 

N 


.+(-) 


IK  “  ^7]  ^ 


+(-)? 


n< 


+(-) 


Ml 


t  =  l 


where  and  are  the  stoichiometric  coefficients  of  the  ^th  reaction  yield¬ 
ing  the  ith  component;  ^  is  the  number  of  components  involved  in  the 
direct  and  reverse  reactions;  Mi  is  the  number  of  atomic  and  molecular  compo¬ 
nents  in  the  mixture;  Ni  is  the  number  density  of  molecules  (atoms)  of  the  ith. 
sort. 

Transformation  of  concentration  histories  with  preexcitation  of  O2  molecules 
in  the  a^Ag  electronic  state  (703(01  Ag)  =  0.1)  as  compared  to  the  case  with 
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Figure  2  Histories  of  production  (-1-)  and  destruction  (-)  rates  5,,  for  H  (o),  ^ 
and  OH  (c)  species  during  combustion  of  the  oxygen-hydrogen  mixture  with  H2/O2  - 
2/1  at  Po  =  10  kPa  with  preexcitation  of  O2  molecules  (702(<.ia,)/702  -  0-1)  at 
To  =  800  K  (solid  curves)  and  400  K  (dashed  curves).  Numbers  denote  the  reaction 
numbers  in  Table  1 


no  preexcitation  is  shown  in  Fig.  3.  The, results  indicate  that  build-up  of 
excited  oxygen  molecules  02(a^Ap)  in  a  H2  +  O2  mixture  significantly  alters 
the  kinetic  processes  and  enhances  the  chain  combustion  mechanism.  Oxygen 
molecules  can  be  efficiently  excited  to  singlet  states  and  by  electric 

discharge  [10]. 
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Figure  3  Predicted  histories  of  species  concentrations  during  combustion  of  the 
oxygen-hydrogen  mixture  with  H2/O2  =  2/1  at  Po  =  10  kPa  and  To  =  800  K  with 
preexcitation  of  O2  molecules  (7o2(aiAg)/702  =  0.1),  (solid  curves),  and  without  preex¬ 
citation  (dashed  curves) 

4  INITIATION  OF  DETONATION  BEHIND  A  SHOCK 
WAVE  IN  A  SUPERSONIC  FLOW 

The  following  analysis  is  performed  for  a  flow  scheme  discussed  in  [11].  Premixed 
gas  flowing  with  the  velocity  uq  interacts  with  a  shock  wave.  The  shock  wave 
front  is  inclined  to  the  angle  ^  <  90^  with  respect  to  the  direction  of  vector  uq. 
At  the  shock  front,  only  the  normal  velocity  component,  changes,  and  the 
tangential  component,  Ut,  remains  invariable,  i.e.,  uir  =  uqt,  =  uq  cos  j3. 
Here,  zero  subscript  refers  to  parameters  of  the  unperturbed  flow  and  the  unity 
subscript  refers  to  parameters  behind  the  shock  wave  front. 

It  is  further  assumed  that  the  vibrational,  rotational  and  translational  degrees 
of  freedom  of  molecules  are  in  thermodynamic  equilibrium  for  all  representative 
scales  present  in  the  gasdynamic  problem.  In  this  case,  the  gasdynamic  param¬ 
eters  behind  the  shock  front  (Ti,  Pi,  ui)  are  found  by  solving  the  equations 
presented  in  [3].  Of  interest  is  the  evolution  of  the  parameters  and  chemical 
composition  of  the  reacting  gas  in  the  relaxation  zone  behind  the  shock  wave 
along  the  streamline,  whose  direction  coincides  with  that  of  vector  ui. 
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Ig  X  /  cm 


Figure  4  Evolution  of  the  temperature  be¬ 
hind  the  shock  wave  (/?  =  30°,  Mo  =  6)  at  dif¬ 
ferent  values  of  02(a^  Ap)  concentration  in  re¬ 
acting  H2/O2  =  2/1  mixtures  at  To  —  300  K, 
Po  =  133  Pa  (dotted  curves  1-4  correspond 
to  To2(aiAg)/702  =  10"^;  10“^;  0.05;  0.1  and 
solid  curve  corresponds  to  ToaCaiAg)  =  0) 


Consider  first  the  effect  of  abun¬ 
dance  of  excited  oxygen  molecules 
02(a^A^)  in  a  H2  +  O2  mixture  on 
the  induction  (Lin)  and  com¬ 
bustion  (Tc)  zone  lengths. 

Figure  4  depicts  the  tempera¬ 
ture  evolution  behind  an  oblique 
shock  v^^ave  in  a  mixture  with 
H2/O2  =  2/1  at  different  preexci¬ 
tation  degrees  of  O2  molecules  in 
the  a^A^  electronic  state.  One  can 
see  that  an  increase  in  the 
02(a^A^)  abundance  in  the  initial 
mixture  changes  the  temperature 
evolution  in  the  reaction  zone  be¬ 
hind  the  shock  front  and  signifi¬ 
cantly  reduces  Lin  and  Lc  values. 

Figure  5  shows  the  Lin/L^^^  — 
/(Mo)  and  Lc/L?  =  /(Mo)  de¬ 
pendencies  calculated  for  different 
degrees  of  abundance  of  02(a^Aj) 
in  a  mixture  with  H2/O2  =  2/1  at 


Po  =  133  Pa,  To  =  300  K,  and 


Figure  5  Induction  (a)  and  combustion  (6)  zone  lengths  as  functions  of  the  flow 
Mach  number  in  front  of  an  oblique  shock  wave  with  preexcitation  of  O2  molecules  to 
the  Ag  electronic  state  (curves  I-4  correspond  to  702(ai  Ag)/702  =  10“^,  10“  ,  0.05, 
and  0.1,  respectively) 
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P  =  30°.  Here,  and  represent  the  case  with  no  preexcitation  of  O2 
molecules  (To^taiA,)  =  0)  and  Mo  is  the  Mach  number  of  the  unperturbed  flow 
in  front  of  the  shock  wave.  The  ratios  nnd  are  seen  to  heavily 

depend  on  the  Mach  number  of  the  flow  in  front  of  the  shock  wave  and  on  the 
concentration  of  electronically  excited  02(aiAj)  molecules.  At  Mq  <  6,  the 
combustion  zone  length  in  mixtures  containing  O2  molecules  preexcited  to 
electronic  states  may  be  reduced  by  a  factor  of  5  to  20.  Combustion  behind  a 
shock  wave  in  a  supersonic  flow  is  intensified  similar  to  combustion  in  a  closed 
adiabatic  reactor  due  to  an  increase  in  the  0,  H,  and  OH  formation  rates  and  en¬ 
hancement  of  the  branched  chain  mechanism  in  mixtures  with  excited  molecules 
02(0^  Aj).  Moreover,  preexcitation  of  O2  molecules  to  the  a^Aj,  electronic  state 
may  lead  to  initiation  of  detonation  at  low  temperatures  behind  a  shock  front 
(Ti  <  600  K). 

This  fact  is  illustrated  by  the  values  of  Li„  and  as  well  as  the  final  values 
of  temperature  and  Mach  number  M^  of  the  combustion  products  calculated 
for  different  concentrations  of  02(a^Aj)  molecules  at  Mo  =  5  and  6  and  /?  =  20° 


Table  3  Variation  of  Lin,  Lc,  Tc,  and  Me  values  under  different  degrees 
of  preexcitation  of  O2  molecules  in  a'Ag  electronic  state  (To  =  300  K,  Po  = 


Mo 

/?,  deg 

Ti,  K 

T02(a^  A<j)/  To  2 

Liny  cm 

Ley  cm 

Tcy  K 

Me 

5 

20 

439 

0 

>1(6) 

0.001 

>1(6) 

0.01 

3.1(5) 

3.15(5) 

2396 

1.36 

0.05 

9.27(4) 

9.69(4) 

2399 

1.35 

0.1 

5.83(4) 

6.23(4) 

2403 

1.34 

6 

20 

517 

0 

>1(6) 

0.001 

>1(6) 

0.01 

6.64(4) 

7.08(4) 

2402 

1.87 

0.05 

2.08(4) 

2.51(4) 

2405 

1.87 

0.1 

1.29(4) 

1.72(4) 

2408 

1.86 

5 

30 

635 

0 

1.26(5) 

1.28(5) 

2460 

1.081 

0.001 

3.97(4) 

4.11(4) 

2460 

1.081 

0.01 

8.85(3) 

1.02(4) 

2461 

1,078 

0.05 

2.81(3) 

4.12(3) 

2465 

1.064 

0.1 

1.67(3) 

2.92(3) 

2470 

1.045 

6 

30 

791 

0 

6.76(3) 

8.63(3) 

2450 

1.68 

0.001 

4.7(3) 

6.57(3) 

2450 

1.68 

0.01 

1.93(3) 

3.79(3) 

2450 

1.67 

0.05 

7.28(2) 

2.52(3) 

2453 

1.67 

0.1 

4.49(2) 

2.16(3) 

2457 

1.66 

Remark:  A{m)  corresponds  to  A  •  10”^. 
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and  30^  and  listed  in  Table  3.  It  is  seen  that  detonation  can  be  initiated  in 
mixtures  with  excited  O2  molecules  in  the  electronic  state  at  Ti  —  439  K 
and  7o2(aiAg)/702  =  10"^- 

As  mentioned  above,  O2  molecules  can  be  excited  to  the  a  Ag  electronic 
state  in  an  electric  discharge.  However,  apart  from  02(G^Ap),  O3  molecules  and 
0  atoms  may  also  be  generated  in  the  electric  discharge  zone  [10].  The  question 
arises:  How  the  abundance  of  0,  O3  and  02(a^  A^)  in  molecular  oxygen  activated 
by  electric  discharge  can  change  the  impact  on  the  combustion  characteristics 
behind  the  shock  wave  front?  In  accord  with  data  [12],  the  concentrations  of 
0  atoms,  O3  and  02(a^Ap)  molecules  behind  the  electric  discharge  zone^at 
To  =  300  K,  Po  =  1316  Pa  can  reach  the  following  values:  70  =  7.1-10  ; 

7O3  =  0.0165;  and  =  0.0145.  Modeling  shows  that  abundance  (in 

trace  amounts)  of  0  and  O3  species  apart  from  02(a^  A^)  molecules  in  the  initial 
mixture  significantly  alters  the  reaction  kinetics  in  detonation  waves  propagating 
in  a  H2  +  O2  mixture  as  compared  to  the  case  when  only  02(fl^Aj)  molecules 
are  present  in  the  mixture. 

Figure  6  shows  concentration  histories  in  the  combustion  zone  behind  the 
shock  front  in  the  mixture  where  02(a^A^),  oxygen  atoms,  and  ozone  molecules 
are  present  (7o2(X3S7)  "  7H2  =  0.668;  7o2(aiAg)  =  4. 84  -10  ,  70  — 

2.35  •  10"^;  703  =  b-40  •  10”^)  and  where  only  02(u^Ap)  molecules  are  abun¬ 
dant  in  the  initial  mixture  (7o2(aiAg)  =  4.97  •  10“^;  7o2(X3S7)  =  0.328; 

7H2  =  0.667).  ^ 

One  can  see  that  abundance  of  0  and  O3  species  in  addition  to  excited 
oxygen  molecules  promotes  combustion  and  essentially  reduces  the  induction 
and  combustion  zone  lengths.  This  phenomenon  is  due  to  intensification  of  0 
atoms  production  and  enhancement  of  the  chain  combustion  mechanism. 

This  is  clearly  seen  from  a  comparison  of  the  profiles  of  principal  produc¬ 
tion  (destruction)  rates  Siq{x)  for  0,  H,  and  OH  species  displayed  in  Fig.  7 
for  the  case  of  abundance  of  02(a^A^),  O,  and  O3  in  the  initial  mixture  and 
when  only  02(aiA^)  molecules  are  present.  The  presence  of  O3  molecules 
gives  rise  to  new  channels  of  0  atoms  formation.  This  is  the  dissociation  of 
O3  molecules  (reactions  24  and  37)  and  interaction  between  O3  and  02(0^  A^) 
(reaction  44). 

Thus,  activation  of  O2  molecules  by  electric  discharge  when  02(a^A^),  0 
and  O3  are  abundant  in  the  initial  mixture  (variant  1)  is  much  more  efficient  in 
intensifying  combustion  in  a  supersonic  flow  behind  the  shock  wave  front  in  com¬ 
parison  with  the  case  when  only  02(0^  A^)  molecules  are  abundant  (variant  2). 

This  is  illustrated  by  the  results  of  simulation  of  combustion  initiation  behind 
the  shock  front  at  different  Mo  and  j3  summarized  in  Table  4.  One  can  see^that 
activation  of  molecular  oxygen  in  electric  discharge  when  0,  O3  and  02(a  A^) 
are  abundant  in  the  initial  mixture,  is  very  effective  for  initiation  of  combustion 
in  a  supersonic  flow  at  low  temperatures  behind  the  shock  front  (Ti  <  600  K). 
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Figure  7  Variation  of  principal  production  (+)  and  destruction  (— )  rates  5,q  for 
H  (a),  O  (6),  and  OH  (c)  in  combustion  of  H2/O2  =  2/1  mixture  behind  the  shock 
front  (Mo  =  6,  /?  =  30°,  To  =  300  K,  Po  =  1316  Pa)  for  two  variants  of  O2  activation: 
solid  curves  —  variant  1;  dotted  curves  —  variant  2  (see  text) 


In  this  case,  the  combustion  zone  length  can  be  reduced  by  a  factor  of  up  to 
10^  in  comparison  vi^ith  the  case  when  only  02(0^  A^)  is  abundant  in  the  initial 
mixture. 


5  CONCLUDING  REMARKS 

The  presence  of  electronic  excited  molecules  in  a  reacting  H2  +  O2  mixture  opens 
a  new  additional  channel  of  OH  radical  formation  and  enhances  the  chain  mech¬ 
anism  of  combustion.  As  a  result,  the  presence  of  02(0^  A^)  molecules  in  the 
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Table  4  Calculated  values  of  Lin  and  Lc  for  two  variants 
of  molecular  oxygen  activation  (see  text)  under  combustion  of 
H2/O2  =  2/1  mixture  behind  inclined  shock  wave  at  Pq  = 
1316  Pa,  To  =  300  K 


Mo 

deg 

Ti,  K 

Variant  of  O2 
activation 

Tin  5  cm 

Lc,  cm 

5 

20 

439 

1 

3.81(5) 

3.81(5) 

2 

5.82(2) 

6.25(2) 

6 

20 

517 

1 

7.38(3) 

7.43(3) 

2 

2.53(2) 

3.06(2) 

7 

20 

605 

1 

1.47(3) 

1.53(3) 

2 

1.28(2) 

1.56(2) 

6 

30 

791 

1 

1.33(2) 

1.55(2) 

2 

26.5 

48.1 

Remark:  A(m)  corresponds  to  A  •  10”^. 


initial  mixture  leads  to  a  reduction  of  the  self-ignition  temperature  and  induc¬ 
tion  time.  Combustion  of  the  H2  +  O2  system  may  be  initiated  at  relatively  weak 
preexcitation  of  O2  molecules  to  the  a^Ag  electronic  state  (703(01  A  )/702  =  0-1) 
at  To  =  300  K. 

In  a  supersonic  flow  behind  an  oblique  shock  wave  front,  the  abundance  of 
O  atoms  and  O3  molecules,  besides  02(a^A^)  molecules,  in  the  initial  mixture 
(this  situation  in  realized  by  activation  of  O2  in  an  electric  discharge)  results  in 
a  significant  reduction  (by  a  factor  of  about  10^-10^)  of  the  induction  and  com¬ 
bustion  zone  lengths  in  comparison  with  the  case  when  only  02(a^  A^)  molecules 
are  abundant.  Activation  of  oxygen  molecules  by  electric  discharge  can  initiate 
combustion  in  a  supersonic  flow  at  very  low  temperatures  behind  the  shock  wave 
front  (<  500  K)  and  allows  to  reduce  the  combustion  zone  length  to  1  m  and 
less. 
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NUMERICAL  INVESTIGATION 
OF  TRANSIENT  DETONATION  WAVES 


L.  Hemeryck,  M.  H.  Lefebvre,  and  R  J.  Van  Tiggelen 


Numerical  computations  using  the  Flux- Cor rected-Transport  (FCT) 
algorithm  are  carried  out  to  simulate  two-dimensional,  nonsteady 
gaseous  detonations  in  H2-02  mixtures  diluted  with  argon  or  helium. 
A  short  investigation  of  the  initial  perturbation  technique  is  performed 
in  order  to  control  its  influence  on  the  asymptotic  numerical  solution. 
The  influence  of  physical  parameters  like  the  diluent  (argon  or  helium) 
and  the  rate  of  heat  release  is  studied.  The  study  focuses  particularly 
on  the  detonation  structure.  The  simulations  with  different  diluents  are 
compared  to  experimental  evidences  and  show  fairly  good  agreement 
with  respect  to  the  detonation  velocity,  and  only  a  rather  mixed  agree¬ 
ment  with  respect  to  the  detonation  structure.  The  regularity  of  the 
detonation  structure  appears  to  be  sensitive  to  the  rate  of  heat  release. 
Comparisons  between  one-  and  two-dimensional  calculations  enable  one 
to  correlate  the  irregularity  of  the  two-dimensional  detonation  structure 
with  the  instabilities  of  the  average  detonation  velocity.  The  last  con¬ 
ducted  calculation  shows  the  extinction  and  reignition  characteristics  of 
the  detonating  mixture. 


1  INTRODUCTION 

Smoked  foil  measurements  have  been  used  by  Strehlow  ti  al  to  investigate  the 
transient  behavior  of  detonation  waves  [1].  By  modifying  the  composition  in 
the  detonation  tube,  they  succeeded  to  observe  the  relaxation  process  from  one 
detonation  structure  to  another,  as  for  instance 

—  the  decay  of  a  detonation  wave  from  a  reactive  mixture  (H2/02/He)  to  a 
nonreactive  mixture  (Ar/He),  and 

—  the  transition  from  a  detonation  propagating  in  a  mode  2*  into  a  mode  4 
and  reverse. 

*The  mode  number  is  equivalent  to  the  number  of  heads  or  triple  points  on  the  detonation 
front. 
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These  experiments  have  shown  the  complex  process  for  spontaneous  forma¬ 
tion  of  new  waves  and  the  relatively  slow  natural  decay  of  transverse  waves  in 
inert  conditions.  Moreover,  investigations  on  the  regularity  of  the  shock  struc¬ 
ture  and  discussions  on  the  formation  of  new  triple  points  based  on  numeri¬ 
cal  simulations  have  been  reported  [2-4].  These  numerical  studies  show  that 
temperature-dependent  quantities,  namely,  specific  heat,  specific  heat  ratio  and 
reduced  activation  energy,  strongly  influence  the  regularity  of  the  detonation 
wave  structure. 

The  aim  of  this  paper  is  to  present  numerical  computations  simulating  the 
transient  behavior  of  detonation  waves.  The  material  presented  here  is  limited 
to  a  study  of  ignition  models  in  argon-  and  helium-diluted  systems,  and  to  a 
comparison  with  a  transition  from  a  reactive  to  a  nonreactive  medium  followed 
by  the  reverse  process. 


2  NUMERICAL  AND  PHYSICAL  MODELS 

The  numerical  technique  used  is  the  FCT-algorithm  developed  by  Boris  and 
Book  [5].  The  set  of  equations  implemented  in  the  code  is  the  two-dimensional 
(2D)  Euler  equations  for  an  inviscid  flow,  applied  to  Cartesian  grid  coordinates. 
The  reactive  gas  is  considered  as  ideal  and  both  the  specific  heat  ratio  and 
the  mean  molecular  weight  are  assumed  constant.  The  exothermic  reaction  is 
modeled  with  a  two-step  parameter  model  in  which  the  steps  correspond  to  the 
chemical  induction  period  and  the  heat-release  period  [6]. 

The  induction  time  is  temperature-  and  pressure-dependent  and  calculated 
for  the  local  conditions  of  temperature  and  pressure.  A  detailed  description  of 
the  induction  period  model  has  been  reported  by  Oran  ei  al  [7]. 

The  heat  release  period  corresponds  to  the  exothermic  chemical  reaction  and 
includes  appropriate  conversion  of  internal  energy  of  formation  to  sensible  heat. 
The  heat  is  released  at  a  constant  rate  Treact  up  to  a  given  maximum  heat  re¬ 
lease  Qmax  (J/kg)-  The  heat  release  model  is  thus  characterized  by  the  time  to 
maximum  heat  release  ^react  (s)  that  is  equal  to  Qmax/TVeact-  Lefebvre  and  Oran 
reported  a  detailed  description  of  the  heat  release  model  [6]. 

The  2D  computation  is  initialized  with  the  solution  for  a  planar,  steady 
propagating  detonation  wave  [3].  The  2D  structure  of  the  wave  is  produced 
when  a  rectangular  pocket  of  hot  unburned  gas,  located  behind  the  detonation 
front  starts  to  burn.  As  the  unburned  material  reacts  (explodes),  it  sends  out 
pressure  disturbances  which  interact  with  the  front  and  result  in  the  formation 
of  triple  points  and  transverse  waves.  A  part  of  the  present  work  is  to  investigate 
the  influence  of  this  perturbation  model  on  further  development  of  the  detonation 
structure  and,  therefore,  the  location  of  the  perturbation  is  chosen  as  shown  in 

Fig.  1. 
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EID  detonation  wave 

Central  symmetrical  perturbation 
ID  detonation  wave 


Lateral  perturbation 
ID  detonation  wave 
Lateral  perturbation 


Figure  1  Schematic  drawing  of  the  perturbation  techniques  used  to  trigger  two- 
dimensional  detonation  waves.  The  perturbation  consists  of  one  or  two  high  tempera¬ 
ture  zones  of  unburned  reactive  material 


3  MIXTURES  AND  CASES  STUDIED 

The  basic  computation  (benchmark  calculation  or  case  1)  simulates  a  detonation 
propagating  in  a  stoichiometric  hydrogen-oxygen  mixture  diluted  with  70%  ar¬ 
gon.  The  initial  pressure  is  equal  to  6.67  kPa.  The  heat  release  time,  ^react,  and 
the  energy  release  Qmax,  are  equal  to  20  fis  and  820  kJ/kg,  respectively.  The 
selection  of  these  values  has  been  tested  extensively  and  results  in  a  detonation 
wave  showing  steady  characteristics  close  to  the  Chapman- Jouguet  ones.  The 
channel  width  is  4.68  cm. 

A  series  of  simulations  has  been  carried  out  and  compared  with  this  bench¬ 
mark  calculation.  Table  1  gives  an  overall  view  of  the  performed  computations. 

First,  the  influence  of  the  perturbation  model  is  investigated  (case  2):  a 
detonation  propagating  in  the  benchmark  composition  is  modeled  using  both 
types  of  perturbation  (see  Section  2  and  Fig.  1). 

In  a  second  run  of  computations,  a  composition  with  a  different  speed  of 
sound  is  studied  by  modifying  the  molecular  mass  of  the  diluent.  Helium  is 


Table  1  Description  of  the  cases  studied  at  an  initial  pressure  of  6.67  kPa 


Case 

Reactive 

composition 

Heat  release 
time,  freact  (fis) 

Type  of 
perturbation 

Transition 

1 

H2-02-Ar  /  2-1-7 

20 

central 

no 

2 

H2-02-Ar  /  2-1-7 

20 

lateral 

no 

3 

H2“02“He  /  2-1-7 

20 

central 

no 

4 

H2-02“He  /  2—1-7 

20 

lateral 

no 

5 

H2-O2— Ar  /  2-1-7 

5 

central 

no 

6 

H2-02-Ar  /  2-1-7 

20 

central 

from  reactive  to 
inert,  to  reactive 
composition 
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used  instead  of  argon  (mass  ratio  10)  and  the  maximum  heat  release  Qmax  is 
modified  consequently  yielding  4049  kJ/kg  instead  of  820  kJ/kg.  Moreover,  both 
types  of  perturbation  have  been  used  for  mixtures  diluted  with  helium  (cases  3 
and  4). 

A  third  computation  examines  the  influence  of  the  reaction  time.  In  this  case 
(case  5),  the  induction  time  model  remains  unchanged  and  the  heat  release  time 
treact  is  simply  shortened  down  to  5  /is. 

The  last  set  of  calculations  studies  the  decay  of  the  detonation  wave  by  turn¬ 
ing  off  the  energy  release  process,  simulating  the  transition  from  a  reactive  to 
an  inert  composition.  A  reignition  process  of  the  shock  wave  is  then  observed 
and  analyzed  by  turning  on  the  chemical  reaction  after  two  cycles  of  the  nonre¬ 
active  cellular  structure,  i.e.,  after  17.3  cm  of  propagation  into  the  inert  material 
(case  6).  During  the  whole  transient  stage,  all  other  physical  properties  of  the 
composition  (specific  heat  ratio,  molecular  mass,  initial  pressure)  remain  un¬ 
changed. 


4  RESULTS  AND  DISCUSSIONS 

Computation  of  case  1  gives  the  evolution  of  the  detonation  structure  and  of  the 
detonation  velocity  along  the  centerline  of  the  tube  (Fig.  2).  The  typical  cellular 
structure  is  a  plot  of  the  distribution  of  the  heat  release  density  vs.  distance  [6]. 
The  horizontal  scales  of  both  drawings  are  consistent  in  time  and  distance.  The 
mode  of  the  detonation  structure  is  defined  as  the  number  of  triple  points  per 
cross-section.  The  central  perturbation  causes  a  rapid  appearance  of  the  2D 
structure  that  seems  to  stabilize  in  a  mode  4.  Nevertheless,  after  250  /xs,  a  rapid 
transition  to  a  mode-2  structure  occurs.  This  mode  remains  stable  for  about 
500  /is,  i.e.,  about  13  cells.  From  800  fis  on,  it  evolves  eventually  to  a  structure 
hesitating  between  mode  1  and  2.  One  should  note  that,  from  the  beginning  on, 
the  average  detonation  velocity  remains  constant  irrespective  of  the  mode.  It  is 
assumed  that  the  early  4-mode  structure  corresponds  to  a  transient  state  leading 
to  the  characteristic  regime,  in  the  given  tube  geometry,  for  the  studied  mixture 
composition. 


4.1  Initial  Perturbation  Technique 

The  transient  behavior  of  the  detonation  structure  is  sensitive  to  the  way  the 
initial  perturbation  is  applied.  Figure  3  gives  imprints  of  the  cellular  struc¬ 
tures  for  cases  I  and  2.  The  transient  states  are,  indeed,  much  shorter  when 
the  lateral  perturbation  is  used  (case  2)  than  with  the  central  perturbation 
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Time  /  \xs 


Figure  2  Simulated  detonation  imprints  and  evolution  of  the  detonation  velocity 
for  a  wave  propagating  in  a  hydrogen-oxygen-argon  mixture  (case  1  in  Table  1).  The 
channel  width  is  4.68  cm  (Continued) 
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From  0  to  324  fis 


From  652  to  98 1  /as 


(a) 


From  0  to  329  (js 


From  329  to  656  i^s 


(b) 


Figure  3  Simulated  detonation  imprints  in  a  wave  propagating  in  a  hydrogen-oxygen- 
argon  mixture  perturbed  by  (a)  one  central  unburned  gas  pocket  (case  1  in  Table  1) 
and  (6)  two  lateral  unburned  gas  pockets  (case  2  in  Table  1) 

(case  1):  the  mode  2  is  reached  after  about  150  fis  and  remains  quasi-stable 
for  a  long  period  (1000  /is  or  23  cells).  Unfortunately,  further  calculation  is  not 
available  but  one  may  speculate  that  the  structure  will  eventually  evolve  into 
a  mode  1  or  at  least  into  an  oscillating  mode  1-2  as  observed  in  case  1.  Note 
that  Kalaisanath  et  ah  [2]  have  reported  already  about  symmetric  and  asymmet¬ 
ric  initiations  and  resulted  in  a  detonation  structure  independent  of  the  initial 
perturbation. 

The  comparison  between  the  two  types  of  initiation  is  also  possible  using  the 
detonation  velocity  (Fig,  4).  The  frequency  typical  for  the  mode-2  propagation 
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Time  /  |is 
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Figure  4  Evolution  of  detonation  velocity  for  a  wave  propagating  in  a  hydrogen 
oxygen-argon  mixture  perturbed  by  (a)  one  central  unburned  gas  pocket  (case  1  in 
Table  1)  and  (6)  two  lateral  unburned  gas  pockets  (case  2  in  Table  1) 


appears  as  early  as  at  150  /is  in  case  of  lateral  perturbation.  Both  cases  ex¬ 
hibit  equal  average  detonation  velocity  (1601  and  1595  ni/s  for  cases  1  and  2, 
respectively).  This  observation  supports  the  fact  that  the  wave  velocity  is  not 
influenced  by  its  structural  density  or  its  mode. 


4.2  Diluent 

By  modifying  the  molecular  mass  {M)  of  the  diluent  (4  as  for  helium  instead  of 
40  as  for  argon),  one  modifies  the  sound  velocity  in  the  reactive  mixture  by  a 
factor  equal  to  the  square  root  of  IfM.  Because  the  detonation  velocity  increases 
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From  288  to  436  |is 


From  436  to  583  jas 


From  583  to  666  \is 


(b) 

Figure  5  Simulated  detonation  imprints  in  a  wave  propagating  in  a  hydrogen-oxygen- 
helium  mixture  perturbed  by  (a)  one  central  unburned  gas  pocket  (case  3  in  Table  1) 
and  (6)  two  lateral  unburned  gas  pockets  (case  4  in  Table  1) 
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Figure  6  Detonation  velocities  for  a  wave  propagating  in  (a)  a  hydrogen-oxygen- 
argon  mixture  (case  1  in  Table  1)  (6)  a  hydrogen-oxygen-helium  mixture  (case  3  in 
Table  1) 


by  the  same  factor,  the  Mach  number  of  the  detonation  remains  constant,  as  well 
as  the  temperature  behind  the  shock.  Consequently  the  induction  time  does  not 
vary  and  the  induction  length  increases.  As  a  result,  when  helium  is  used  instead 
of  argon,  the  detonation  cell  size  must  increase.  Experimental  evidences  have 
corroborated  this  argument  [8].  Results  of  computations  intended  to  illustrate 
this  effect  are  presented  in  Figs.  3  and  5. 

Both  types  of  perturbation  (central  and  lateral)  have  been  tested  also  for 
helium.  As  discussed  in  Section  4.1,  the  type  of  perturbation  plays  a  major 
role  in  the  stabilization  of  the  detonation  structure.  The  lateral  disturbance 
evolves  to  a  more  regular  pattern.  Therefore,  the  laterally  perturbed  simulations 
are  considered  and  the  results  of  the  argon-  and  helium-diluted  mixtures  are 
compared  in  Figs.  35  and  55,  respectively.  Analysis  of  those  figures  leads  to  the 
conclusion  that  there  is  a  slight  difference  in  the  mode:  the  mode  of  the  helium- 
diluted  mixture  converges  rapidly  to  1,  but  seems  to  oscillate  eventually  between 
modes  1  and  2.  The  calculation  does  not  highlight  convincingly  the  influence  of 
the  molecular  mass  on  the  computed  structure.  To  reach  a  definite  conclusion, 
further  computations  at  higher  modes  are  needed. 

The  time  history  of  the  velocity  of  the  detonation  waves  is  shown  in  Fig.  6. 
The  velocity  in  the  helium-diluted  mixture  is  3598  m/s,  and  is  consistent  with 
Chapman-Jouguet  calculation  and  with  experimental  evidences. 
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4.3  Heat  Release  Time 

The  effects  of  other  physical  parameters  as  specific  heat  or  induction  time  have 
been  considered  in  previous  one- dimensional  (ID)  and  2D  simulations  [3].  In 
case  5,  the  influence  of  the  heat  release  time  on  the  2D  structure  was  studied. 
Figures  7a  and  7b  show  the  comparison  between  the  imprints  resulting  from 
calculations  using  freact  equal  to  20  and  5  //s,  respectively.  Notice  that  the 
average  detonation  velocities  are  almost  equal  (1601  vs.  1596  m/s).  However, 
one  observes  that  short  reaction  time  results  in  an  irregular  structure  and  that 
the  detonation  structure  never  stabilizes  into  a  given  mode,  not  even  for  a  short 
period  of  time. 

To  further  investigate  this  peculiar  behavior,  ID  simulations  with  the  ini¬ 
tial  conditions  of  cases  1  and  5  were  performed,  and  recorded  (1)  the  average 
velocity,  the  position  of  (2)  the  induction  and  (3)  reaction  zones,  and  (4)  the 
position  of  the  sonic  plane  behind  the  leading  shock  (Fig.  8).  When  the  heat 
release  time  is  short,  the  sonic  plane  is  way  back  behind  the  end  of  the  re¬ 
action  and  this  may  well  be  the  reason  for  flow  instabilities.  Extending  this 
consideration  to  the  2D  computation,  one  may  speculate  that,  in  this  case,  me¬ 
chanical  effects  are  responsible  for  the  irregular  pattern  of  the  detonation  struc¬ 
ture. 


4.4  Reignition  case 


The  case  of  a  reignition  has  been  studied.  In  case  6,  the  same  detonation  calcu¬ 
lation  as  in  case  1  has  been  conducted  during  the  first  283  /is.  At  this  time,  the 
first  quasi-stable  detonation  cell  in  mode  2  is  achieved.  The  chemical  reaction  is 
then  turned  off  throughout  the  system.  The  detonation  wave  then  evolves  into 
a  nonreactive  shock.  The  transient  cellular  structure  does  not  appear  clearly 
on  the  energy  release  pattern  of  Fig,  9  a,  However  the  location  of  the  triple 
points  can  be  traced  by  analyzing  the  pressure  contours  (not  shown)  and  the 
frequency  of  the  2D  structure  can  be  observed  from  the  velocity  profile  (from 
283  to  423  fis  in  Fig.  9b).  Two  more  cells  are  developed  before  the  reaction 
mechanism  is  resumed  numerically.  The  distance  covered  by  the  nonreactive 
wave  is  173  mm  in  140  fis.  The  first  nonreactive  cell  stretches  over  89  mm 
and  the  second  one  over  94  mm.  That  is  to  be  compared  with  the  typical 
58  mm  length  of  the  reactive  detonation  cell.  Since  the  reactive  mechanism  is 
turned  on  at  the  end  of  a  cell,  i.e.,  when  the  transverse  waves  collide,  a  rapid 
restart  of  the  heat  release  process  is  observed,  leading  to  a  fast  coupling  be¬ 
tween  the  shock  wave  and  the  reaction  zone.  After  an  unsteady  regime,  a 
mode-4  structure  occurs  and  eventually  it  evolves  into  a  mode  2.  During  the 
cut-off  time,  the  shock  velocity  drops  to  about  1000  m/s  (Fig.  9b).  After  reig- 
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From  0  to  324  fis 


From  324  to  652  us 


(a) 


From  0  to  323  \xs 
I - v7'^ 


From  323  to  652  |is 


From  652  to  979  us 


(b) 


Figure  7  Simulated  detonation  imprints  in  a  wave  propagating  in  a  hydrogen  oxygen 
argon  mixture  with  a  heat  release  time  equal  to  (a)  20  fis  (case  1  in  Table  1)  and  (6)  5  /is 
(case  5  in  Table  1) 
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Figure  8  One-dimensional  simulation  of  a  reactive  wave  propagating  in  a  hydrogen- 
oxygen-argon  mixture  with  a  heat  release  time  of  (a)  20  (is  (case  1  in  Table  1)  and 
(6)  5  (case  5  in  Table  1).  (a).  (6)  Evolution  of  the  location  of  the  induction  zone  (i  ), 

respect  to  the  shock,  (c)  Evolution 

ot  the  detonation  velocity:  1  —  case  1;  2  —  case  5  ^ 
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(b) 


Fieure  9  Two-dimensional  simulation  of  a  reactive  wave  propagating  in  a  hydrogen 
oxygen-argon  mixture.  The  chemical  reaction  has  been  cut  off  at  283  and  reigmted 
after  140  /is  (case  7  in  Table  1).  (a)  Detonation  imprints  for  a  wave.  (6)  Evolution  of 
the  detonation  velocity 


Table  2  Summary  of  the  main  characteristics  of  the  studied  detonation  structures 


Case 

Evolution  of  the  mode  number 

Average  detonation  velocity  (m/s) 

1 

4-2-l-2-(l  or  2) 

1601 

2 

4-2-(l  or  2) 

1595 

4-2-3  or  4  (irregular)-2-l  or  2 

3618 

3 

or  3  (irregular)-2-(l  or  2) 

4 

4-2-1-2-  (1  or  2) 

3598 

variable  ranging 

1596 

5 

from  5  to  2  -  irregular  structure 

6 

2-inert-4-2 

1601-(1000)-1601 
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nition,  the  velocity  comes  back  to  the  previous  average  detonation  velocity,  i,e. 
1601  m/s. 

Further  studies  must  be  performed  to  investigate  the  parameters  controlling 
the  reignition  process,  namely  the  relative  position  of  the  leading  shock  and  the 
number  of  nonreactive  cells. 

Table  2  summarizes  the  overall  characteristics  of  the  detonation  structure 
and  the  average  detonation  velocity  for  the  different  cases  studied. 


5  CONCLUDING  REMARKS 

The  set  of  calculations  reported  in  this  work  has  demonstrated  the  major  role  of 
the  initial  perturbation  technique  on  the  transient  stage  of  2D  detonation  waves. 
The  numerical  investigation  of  long  transient  regimes  is  CPU-time  consuming 
and  difficult  to  grasp.  Moreover,  apparently  steady  structures  do  not  guarantee 
a  constant  mode  number.  Indeed,  changes  of  mode  were  observed  even  after 
long  periods  of  regular  structures.  Furthermore,  it  was  noticed  that  the  aver¬ 
age  velocity  of  the  detonation  wave  is  not  related  to  the  number  of  detonation 
heads.  Changing  the  nature  of  the  diluent  barely  modifies  the  overall  character¬ 
istics  of  the  structure,  but  the  detonation  velocity  varies  consistently  with  the 
Chapman- Jouguet  theory.  A  major  influence  on  the  structure  is  noticed  when 
the  heat  release  time  is  shortened,  although  the  latter  parameter  has  no  influence 
on  the  average  velocity.  The  reignition  case  has  shown  interesting  features  and 
it  is  worthy  to  be  further  investigated. 
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INFLUENCE  OF  TRANSPORT  PROCESSES 
ON  TWO-DIMENSIONAL  STRUCTURE 

OF  DETONATION 


T.  Fujiwara  and  K.  Fukiba 


The  influence  of  transport  processes  (mainly  viscosity)  on  detonation 
structure  is  studied  by  two-dimensional  computation  of  detonations  in 
oxygen— hydrogen  mixtures,  using  a  two-step  chemical  reaction  model 
containing  two  dimensionless  progress  variables.  The  basic  Navier- 
Stokes  equations  are  integrated  by  a  TVD-MacCormack  scheme  of 
second-order-accuracy  both  in  time  and  space.  The  analysis  has  con¬ 
firmed  that  (1)  the  effect  of  viscosity  stabilizes  the  shape  of  soot  patterns, 
forms  more  regular  cell  geometry  and  reduces  the  size  of  cell,  and  (2)  a 
higher-resolution  calculation,  viz.  more  accurate  inclusion  of  transport 
properties,  reduces  the  cell  number.  This  moves  the  calculated  cell  size 
to  approach  the  experimentaly  observed  value. 


1  INTRODUCTION 

The  size,  structure  and  shape  of  a  detonation  cell  have  been  studied  from  the 
viewpoint  of  extinction  and  reestablishment  of  detonation,  and  the  relation  with 
chemical  reaction  rate  or  induction  distance,  by  the  accumulation  of  experimen¬ 
tal  data  base  and  by  the  development  of  high-activation-energy  mathematical 
theory. 

Nevertheless,  one  of  the  unsolved  problems  on  detonation  cell  is  the  discrep¬ 
ancy  between  the  experimentally-measured  and  numerically-computed  cell  sizes. 
The  choice  of  chemical  model  utilized  in  numerical  computations,  i.e.,  a  set  of 
elementary  reactions  and  their  rate  constants,  is  considered  to  be  sufficient.  The 
adequacy  of  available  chemical  models  is  justified  by  application  to  other  com¬ 
bustion  problems.  The  utilized  numerical  schemes  have  already  been  validated 
by  applying  them  to  numerous  reacting  gasdynamics  and  real-gas  hypersonic 
flows.  Even  by  using  such  existing  knowledge,  it  turns  out  that  the  computed 
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cell  size  is  usually  about  one-order-of-magnitude  smaller  thau  the  experimental 
values  for  oxygen-hydrogen  detonations. 

To  explain  this  gap,  one  can  point  out  that  the  following  three  physical 
mechanisms  are  not  accounted  for  in  the  currently  available  numerical  analyses. 

(1)  The  chemical  models  are  still  not  appropriate,  in  terms  of  the  pressure  and 
temperature  range  of  application,  and  of  nonequilibrium  rate  constants  like 
multitemperature  models. 

(2)  The  influence  of  turbulence  is  not  considered;  it  would  exist  in  the  shear 
layers  behind  triple  points  with  their  complicated  mutual  collisions. 

(3)  Since  the  fundamental  equations  are  Eulerian,  the  influence  of  transport 
properties  like  viscosity  and  thermal  conductivity  is  not  taken  into  account. 
The  unsteadiness  inherent  to  multidimensional  detonation  makes  it 
extremely  difficult  to  use  Navier-Stokes  equations,  because  of  a  number  of 
unsteady  shear  layers  existing  not  only  on  the  tube  walls  but  also  down¬ 
stream  of  curved  and  intersecting  shock  waves.  Generation  of  high-accuracy 
solution-adaptive  grids  resolving  all  such  highly-unsteady  shear  layers  is  im¬ 
possible  within  the  present  computational  capabilities. 

Although  it  is  impossible  to  correctly  evaluate  the  entire  effect  of  transport 
properties,  as  mentioned  in  (3),  the  influence  of  tube  wall  boundary  layer  at  least 
may  modestly  be  quantified,  by  using  a  combination  of  Navier-Stokes  equatioris 
and  grids  as  fine  as  possible.  The  purpose  of  the  present  paper  is  to  focus  on  this 
“partial”  effect  of  transport  properties.  The  above-mentioned  mechanisms  (1) 
and  (2)  are  not  discussed  here.  Instead  of  adapting  a  grid  to  a  highly-unsteady 
complicated  flow,  the  idea  of  adaptation  is  totally  abandoned  by  introducing 
simple  constant-mesh  fine  grids. 

In  order  to  resolve  all  the  existing  shear  layers,  it  turns  out  that  the  mesh  size 
of  this  constant-mesh  grid  must  be  1  //m,  which  necessitates  100,000  x  200,000  = 
2  X  10^°  grid  points  for  a  two-dimensional  domain  10  x  20  cm  which  is  impossible. 
Since  the  mesh  sizes  in  the  present  analysis  are  about  one-order-of-magnitude 
greater  than  the  above  value  of  1  /im,  the  present  Navier-Stokes  calculation 
can  resolve  at  most  the  tube  wall  boundary  layer,  not  the  existing  gradients 
steeper  than  that,  even  though  all  the  nonhomogeneities  are  automatically  con¬ 
sidered. 

The  partial  effect  of  transport  properties  was  studied  by  Goto  [1],  who  con¬ 
firmed  tha^  inclusion  of  molecular  diffusion  gave  a  shorter  distance  for  DDT. 
However,  che  conclusion  seems  to  be  insufficient  from  the  viewpoint  of  quan¬ 
titative  accuracy,  and  furthermore  both  viscosity  and  thermal  conductivity  are 
neglected. 
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2  PHYSICAL  AND  COMPUTATIONAL  CONDITIONS 


Figure  1  Definition  of  cell  size  A 


Figure  2  Computational  domain 
moving  with  the  wave  front 


Numerically  simulated  is  a  detonation 
propagating  in  a  two-dimensional  channel 
of  3  cm  width,  containing  an  Ar-diluted 
stoichiometric  oxygen-hydrogen  mixture 
(2H2  +  O2  +  7Ar)  at  the  initial  pressure 
100  Torr  =  0.13564  atm  and  temperature 
298,15  K,  which  gives  the  experimental 
cell  size  1.65  cm  according  to  Strehlow  [2]. 
The  cell  size  is  defined  in  Fig.  1. 

As  an  initial  condition  for  detonation 
profile,  the  Chapman- Jouguet  (CJ)  det¬ 
onation  obtained  from  one-dimensional 
analysis  is  utilized.  The  computational 
domain  is  limited  to  3  x  3  cm,  which  is  at¬ 
tached  to  the  combination  of  shock  wave 
and  combustion  zone  always  moving  at 
a  nearly  constant  propagation  velocity 
(Fig.  2). 

It  is  noted  in  numerical  analysis  of 
detonation  that  the  physical  phenomena 
obtained  from  calculation  are  highly  de¬ 
pendent  on  the  grid  resolution  and  nu¬ 
merical  scheme,  even  when  Euler  equa¬ 
tions  are  used.  Unless  the  mesh  size  is  less 
than  1/10  of  the  chemical  length  of  one¬ 
dimensional  CJ  detonation,  the  numerical 


diffusion  makes  the  obtained  detonation 
too  stable  to  reproduce  subtle  collision  phenomena  between  triple  shocks,  affect¬ 
ing  the  wave  structure,  according  to  the  authors’  experience  and  also  as  reported 
in  [3]. 


Since  the  existence  of  tube  wall  boundary  layer  is  vital  in  the  present  analysis, 
the  numerical  resolution  is  raised  as  much  as  possible,  by  testing  three  different 
grids,  and  the  results  obtained  are  compared  in  Table  1.  In  comparison  with 
the  experimental  cell  size  A  =  1.65  cm,  the  coarsest  Grid  1  (200  x  200)  gives  a 
value  A  =  1.17  cm  (0.71  x  experimental  A),  closest  to  the  experimental  A  among 
3  cases.  Using  finer  grids  like  Grid  2  and  Grid  3,  the  numerical  cell  sizes  attain 
a  smaller  value  A  =  0.67  cm  away  from  the  experimental  A.  Note,  however,  that 
Grid  2  (300  x  300)  and  Grid  3  (450  x  450)  give  the  same  cell  size  A  =  0.67  cm. 
One  can  conclude  that  Grid  1  receives  the  influence  of  mesh  size  while  Grids  2 
and  3  are  reliable,  being  free  from  the  mesh  size  effect.  Based  upon  these  results, 
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Table  1  Effect  of  grid  resolution  on  the 
calculated  cell  size 


the  present  calculation  is  proceeded 
by  using  Grid  2  (300  x  300)  toward 
changing  the  wall  boundary  condi-- 
tions,  because  Grid  3  needs  a  long 
time  for  computation. 

Later,  the  final  check  of  resolution 
will  be  done  by  applying  Grid  4  (300  x 
300)  to  a  channel  of  half-width  1.5  cm 
(mesh  size  50  /xm),  increasing  the  grid  resolution  two-fold.  The  purpose  is  to 
reproduce  the  influence  of  a  very  thin  wall  boundary  layer  immediately  behind 
the  detonation  front  as  much  as  possible. 


Grids 

Mesh  size,  mm 

Cell  size, 

cm 

200  X  200 

0.15 

1.17 

300  X  300 

0.1 

0.67 

450  X  450 

0.066 

0.67 

3  EXECUTION  OF  NUMERICAL  ANALYSIS 

The  fundamental  equations  are  Navier-Stokes  equations  containing  the 
conservation  equations  for  the  two  progress  variables  a  (induction  reaction)  and 
P  (exothermic  reaction)  [4].  As  the  reaction  rate  constants,  the  original  values 
fitting  to  an  Ar-diluted  stoichiometric  oxygen-hydrogen  detonation  are  used. 
The  influence  of  transport  properties  is  examined  by  artificially  changing  the 
wall  boundary  conditions,  even  though  the  basic  Navier-Stokes  equations  include 
viscosity,  thermal  conductivity  and  molecular  diffusion.  The  utilized  numerica 
scheme  is  a  MacCormack-TVD  scheme,  which  exhibits  sufficient  but  not-too- 

strong  stability.  .  ,  . 

In  order  to  generate  a  two-dimensional  detonation,  one-dimensional  OJ  det¬ 
onation  is  disturbed  by  placing  unburnt  mixture  pockets  of  size  0.2  mm  in  the 
region  1x1  mm  over  the  channel  wall  immediately  behind  the  shock  wave  front, 
which  are  acting  like  a  Shchelkin  wire.  The  numerical  soot  traces  are  the  trajec¬ 
tories  of  maximum  pressure  in  the  shock  wave  front.  The  numerical  simulation 
is  continued  until  a  recurrent  propagation  is  established. 


4  CALCULATED  RESULTS  AND  CELL  SIZE 

4.1  Influence  of  Transport  Properties 

In  the  present  analysis,  the  attention  is  paid  to  the  three  transport  Phenom¬ 
ena,  viz.  viscosity,  thermal  conductivity  and  molecular  diffusion.  By  artificially 
changing  the  wall  boundary  condition  essentially  only  for  velocity  (neither  for 
temperature  or  species  concentration),  the  4  cases  shown  in  Table  2  are  calculated 
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Table  2  Boundary  conditions  and  basic  equations  for  4  cases 


Case 

Viscosity 

Heat 

conductivity 

Velocity 
on  wall 

Equations 

1 

exists 

exists 

nonslip 

Navier-Stokes 

2 

exists 

exists 

slip 

Navier-Stokes 

3 

neglected 

exists 

slip 

partially  Navier-Stokes 

4 

neglected 

neglected 

slip 

Euler 

and  compared.  Note  that  the  influence  of  thermal  conductivity  and  molecular 
diffusion  would  not  play  important  roles,  because  their  associated  wall  boundary 
conditions  are  adiabatic  and  noncatalytic. 

Case  1  is  considered  to  be  a  Benchmark  which  gives  the  most  accurate  solu¬ 
tion  in  the  sense  that  the  most  realistic  wall  boundary  conditions  are  imposed 
on  the  Navier-Stokes  equations.  Thus,  all  the  other  cases  are  compared  with 
Case  1  hereafter. 

Attention  is  paid  to  the  soot  pattern  variation  for  Case  1,  which  is  ac¬ 
quired  during  60  cm  travelling  of  detonation  after  ignition  (Fig.  3).  The  det¬ 
onation  proceeds  leftward  from  the  0  cm  position  in  Fig.  3  a.  The  transient 
pressure  disturbances  generated  by  the  explosion  near  the  channel  wall  gradu¬ 
ally  attenuate  to  restore  the  initial  one-dimensional  structure,  until  a  multidi¬ 
mensional  structure  emerges  again  at  the  20  cm  position.  An  explosion  much 
stronger  than  the  other  ones  occurs  at  23  cm,  generating  two  primary  triple 
points  which  have  swallowed  the  previous  fine  multiple-triple-point  structure 
existing  on  the  shock  front.  The  fine  structure  has  not  disappeared  but  has 
been  overwhelmed.  When  the  shock  front  reaches  35  cm,  the  primary  triple 
points  have  already  attenuated  where  the  existing  weak  triple  points  reemerge. 
Eventually,  the  triple  points  equal  to  their  eigen  number,  which  is  determined 
by  the  channel  width,  pressure,  exothermicity  and  reaction  rate,  can  only  sur¬ 
vive.  A  cell  pattern  inscribed  by  such  triple  points  systematically  starts  ap¬ 
pearing  from  the  35  cm  position.  As  seen  at  40  cm,  the  cell  size  is  smaller 
at  the  initial  period  of  appearence;  for  example,  7  cells  exist  in  the  channel 
width,  giving  the  cell  size  A  =  3  cm/7  =  0.43  cm.  However,  certain  cells  are 
combined  by  collision  processes  to  reduce  the  cell  number  down  to  its  eigen 
value;  the  cell  number  decreases  down  to  5  at  50  cm,  and  to  4  at  80  cm, 
and  stays  at  4  even  at  150  cm  (limit  of  calculation).  Thus,  this  number  4  is 
specified  as  the  eigen  value  in  the  present  analysis,  giving  the  eigen  cell  size 
A  =  3  cm/4  =  0.75  cm. 

Distribution  of  the  shear  stress  Ty^  (=  r^y)  near  the  shock  front  565  /is  after 
ignition  is  shown  in  Fig.  4.  High  shear  stress  is  seen  only  at  the  wall  boundary 
layer,  triple  shock  region,  and  its  trailing  transverse  shock  wave;  limited  within 
the  near-wall  and  shock  front  regions.  The  ratio  of  viscous  shear  stress  term 
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Detonation  propagation 


(C) 


Figure  3  Soot  pattern  for  Case  1  in  Table  2  (dimensions  in  cm).  Detonation  wave 
propagates  leftward,  (a)  0  to  15  pm,  (5)  15  to  30  cm,  (c)  30  to  45  cm,  and  (d)  45  to 
60  cm 
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mmi 

437.5-500.0 

375.0-437.5 

312.5-375.0 

250.0-312.5 

187.5-250.0 

125.0-187.5 

62.5-125.0 

0-62.5 

(nW) 

Figure  4  Distribution  of  shear  stress  Tyx{=  Txy)  565  //s  after  ignition  for  Case  1  in 
Table  2.  Dimensions  in  cm 


dryxidy  to  the  entire  momentum  flux  gets  to  less  than  5%-15%  everywhere 
except  in  the  wall  boundary  layer. 

Results  of  the  other  cases  (Cases  2-4)  give  more  or  less  the  same  global 
structure  of  detonation,  even  by  the  use  of  the  Euler  equations  (Case  4).  In  Fig.  5, 
the  calculated  soot  pattern  for  Case  4  is  shown.  The  explosive  disturbance  right 
after  ignition  is  nearly  identical  to  Case  1  (Fig.  3).  However,  the  cell  structure 
appears  at  the  32  cm  location,  slightly  earlier  than  35  cm  in  Case  1.  If  one 
focuses  attention  to  the  cell  size,  the  cell  shape  in  Case  4  is  considerably  distorted, 
making  size  definition  hard.  At  50-60  cm,  diamond-  and  parallelogram-shape 
cells  coexist.  The  observed  cell  number  oscillates  from  4.5  at  45  cm  to  4  at  50  cm, 
and  has  never  settled  down  to  a  steady  value  thereafter,  even  if  the  calculation 
is  continued  up  to  150  cm  propagation.  Thus,  the  cell  size  for  Case  4  becomes 
A  =  0.67-0.75  cm. 
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Figure  5  Soot  pattern  for  Case  4  in  Table  2  (dimensions  in  cm).  Detonation  prop¬ 
agates  leftward:  (a)  0  to  15  cm,  (6)  15  to  30  cm,  (c)  30  to  45  cm,  and  (d)  45  to 
60  cm 


The  results  of  the  calculations  for  all  4  cases  are  summarized  in  Table  3. 
With  regard  to  the  cell  size,  Benchmark  Case  1  gives  the  maximum  value  of 
0.75  cm,  while  inviscid  Cases  3  and  4  provide  oscillating  values  of  0.67-0.75. 
It  is  a  clear  evidence  of  viscous  effect  to  stabilize  detonation  propagation,  by 
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Table  3  Calculated  cell  size,  cell  number  and  propa¬ 
gation  velocity  for  4  cases 


Case 

Cell  size, 
cm 

Cell 

number 

Propagation  velocity, 
m/s 

1 

0.75 

4 

1880 

2 

0.67 

4.5 

1894 

3 

0.67-0.75 

4-4.5 

1886 

4 

0.67-0.75 

4-4.5 

1886 

dissipating  energy  on  the  wall  and,  as  a  result,  generating  regular  triple  shock 
structures  and  increasing  cell  size.  Comparison  between  the  two  sets  (Cases  1,  2) 
and  (Cases  3,  4)  also  proves  that  viscosity  plays  a  stabilizing  role  in  detonation 
propagation.  The  calculated  propagation  velocities  seem  to  be  free  from  viscosity 
effect,  since  the  obtained  differences  are  less  than  1%. 


4.2  High- Resolution  Viscous  Calculation  for  Narrow  Channel 

In  addition  to  the  previous  4  cases,  another  Case  5  is  calculated;  it  is  identical 
to  Case  1  (Navier-Stokes,  nonslip  wall),  except  for  the  channel  width  1.5  cm 
(halved)  and  the  use  of  a  high-resolution  Grid  4  (300  x  300). 

Figure  6  gives  a  steady  soot  pattern  for  Case  5,  where  the  steady  propagation 
(from  left  to  right)  and  cell  shape  regularity  have  already  been  established.  There 
are  altogether  four  triple  points  in  the  channel  exchanging  their  characters  by 
alternating  their  strength;  after  collision  with  wall  a  triple  point  trace  changes 
from  strong  to  weak  at  one  time  and  vice  versa  at  a  different  time.  Depending 
upon  how  the  cell  number  is  counted,  it  varies;  it  is  2  when  a  baby  triple  point  is 
taken  into  account,  while  it  is  1.5  when  the  baby  triple  point  is  neglected.  Thus, 
the  cell  number  is  1.5-2;  in  comparison  with  the  cell  number  4  for  Case  1  (channel 
width  3  cm),  the  cell  number  is  decreased  by  the  effect  of  wall  boundary  layer 


FigurG  6  Soot  pattern  for  Case  5  that  is  similar  to  Case  1  in  Table  2  except  for 
the  channel  width  (1.5  instead  of  3  cm)  (dimensions  in  cm).  Detonation  propagates 
rightward 
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or  maybe  it  is  due  to  the  higher-resolution  calculation.  When  the  ceil  number 
1.5  is  chosen  for  Case  5,  the  cell  size  A  =  1.0  cm,  which  becomes  closer  to  an 
experimentally  observed  value  A  =  1.65  cm. 

As  seen  from  the  above  comparisons  between  viscous  and  invicsid  calcula¬ 
tions,  where  the  role  of  channel  wall  is  also  examined  by  changing  the  width,  a 
macroscopic  parameter  like  cell  size  is  visibly  influenced  by  transport  phenom¬ 
ena.  Phenomenologically  speaking,  viscous  boundary  layer  on  wall  decreases  the 
reflection  coefficient  of  detonation,  viz.  a  triple  point  becomes  generally  weaker 
after  collision  with  “fluffy”  wall,  as  is  easily  expected. 


5  CONCLUDING  REMARKS 

The  present  analysis  has  revealed  the  effect  of  transport  properties  as  follows: 

(1)  In  low-pressure  oxygen-hydrogen  detonations,  the  transport  properties  affect 
the  near-wall  and  frontal  structure  of  detonation  to  the  extent  of  a  maximum 
of  20%. 

(2)  Ti‘ansport  properties  are  effective  to  stabilize  and  decrease  the  eigen  cell 
number  due  to  the  action  of  wall  boundary  layer;  the  calculated  cell  size 
getting  closer  to  an  experimental  value  A  =  1.65  cm. 

(3)  The  propagation  velocity  of  detonation  is  not  altered  by  inclusion  of  trans¬ 
port  properties. 

(4)  In  order  to  acquire  better  quantitative  agreement  between  calculated  and 
measured  cell  sizes,  it  may  be  necessary  to  bring  in  the  effect  of  turbulence 
and  thermally  nonequilibrium  characteristics  of  reaction  rate  constants  like 
Park’s  models. 
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CALCULATION  OF  TRAVELLING  DETONATIONS 
BY  THE  SPACE-TIME  CONSERVATION  ELEMENT 
AND  SOLUTION  ELEMENT  METHOD 


S.T.  J.  Yu,  S.  J.  Park,  S.-C.  Chang, 
and  P.  C.  E.  Jorgenson 


The  computations  of  propagating  detonations  by  using  the  Space-Time 
Conservation  Element  and  Solution  Element  method,  or  the  CE/SE 
method  for  short  are  reported  in  this  paper.  The  Euler  equations  in 
conjunction  with  a  species  equation  are  solved  for  time-accurate  solu¬ 
tions.  A  one-step  irreversible  finite  rate  model  to  simulate  chemical 
reactions  is  used.  The  stiff  source  term  is  treated  by  a  volumetric  inte¬ 
gration  over  the  space- time  conservation  elements.  Contrast  to  modern 
upwind  methods,  the  CE/SE  method  does  not  use  a  Riemann  solver, 
a  reconstruction  method,  or  directional  splitting  as  the  building  blocks. 
Moreover,  no  carbuncle  effect  near  the  shock  front  was  observed  and 
thus  adaptive  refinement  or  other  remedy  is  not  needed.  As  a  result,  the 
logic  and  operational  counts  of  the  CE/SE  method  are  significantly  sim¬ 
pler.  Numerical  examples  reported  here  include  one  and  two-dimensional 
propagating  detonations.  Special  flow  features  of  detonations  are  crisply 
resolved,  including  cellular  structure,  triple  points,  unburned  pockets, 
and  transverse  waves.  It  was  found  that  only  five  to  six  mesh  nodes  are 
needed  for  accurate  resolution  of  a  half  reaction  zone  in  the  streamwise 
direction  behind  the  inert  shock.  The  present  space-time  method  is  a 
viable  approach  for  solving  unsteady  detonation  waves. 


1  INTRODUCTION 

Recent  interests  in  advanced  propulsion  concepts  have  rekindled  the  research 
activities  in  detonation  waves.  Air-breathing  as  well  as  rocket-based  Pulsed  Det¬ 
onation  Engines  (PDEs)  have  received  significant  attention.  In  the  combustion 
chamber  of  a  PDE,  detonation  waves  propagate  through  a  premixed  fuel-air  mix¬ 
ture  and  produce  large  chamber  pressures  for  propulsion.  Because  of  travelling 
detonations,  nearly  const  ant- volume  combustion  (i.e.,  the  detonation  branch  of 
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the  Rankine-Hugoniot  curve)  with  high  operational  frequencies  can  be  achieved. 
The  PDEs  could  be  a  promising  high-performance  propulsion  device. 

In  the  development  of  air-breathing  hypersonic  propulsion  vehicles,  oblique 
detonation  waves  have  been  proposed  to  be  used  to  enhance  mixing  in  the  super¬ 
sonic  combustion  inside  a  scramjet  engine.  Combustion  takes  place  in  the  lee  of 
overdriven  oblique  detonation  waves,  which  are  usually  attached  to  a  wedge-like 
surface.  The  characteristics  of  the  overdriven  detonation  waves  are  of  concern 
for  the  performance  of  the  propulsion  devices.  Zel’dovich,  von  Neumann,  and 
Doring  pioneered  the  theoretical  analyses  of  detonation  waves.  Without  solving 
the  reacting  flow  equations,  their  ZND  model  postulates  a  steadily  propagating 
detonation  wave,  which  was  illustrated  as  an  inert  shock  followed  by  a  finite-rate 
reaction  zone.  This  insight  provided  the  preliminary  knowledge  of  detonations. 
Further  experiments,  however,  showed  that  detonation  waves  are  often  unstable 
with  transverse  wave  structure,  and  the  measured  pressures  of  the  von  Neumann 
spikes  were  usually  significantly  higher  than  that  predicted  by  the  ZND  model. 
For  further  development  of  the  above-mentioned  propulsion  concepts,  it  is  im¬ 
perative  to  accurately  calculate  stable  and  unstable  propagating  detonations.  In 
the  past,  many  attempts  were  made  by  applying  CFD  methods  to  directly  cal¬ 
culate  the  detonations.  Some  of  the  important  progresses  are  discussed  in  the 
following  paragraphs. 

Fickett  and  Wood  [1]  pioneered  the  direct  numerical  calculations  of  detona¬ 
tions.  They  solved  the  one-dimensional  reacting  flow  equations  with  simplified 
combustion  model  by  using  the  method  of  characteristics  in  conjunction  with  a 
shock  fitting  procedure.  Longitudinal  instability  waves  were  simulated  in  detail. 

Taki  and  Fujiwara  [2,  3]  applied  the  upwind  method  to  calculate  two- 
dimensional  travelling  detonation  waves.  They  solved  the  Euler  equations  cou¬ 
pled  with  two  species  equations.  They  used  a  two-step  finite-rate  model  to 
simulate  the  chemical  reactions  of  hydrogen  and  air.  As  part  of  the  initial  condi¬ 
tions,  they  perturbed  the  shock  front  to  trigger  transverse  instabilities  and  triple 
points. 

Oran,  Kailasanath,  and  coworkers  [4-6]  at  the  US  Naval  Research  Laboratory 
applied  the  Flux-Corrected  Transport  (FCT)  method  to  calculate  detonations. 
The  FCT  approach  is  the  most  popular  method  in  calculating  detonations.  The 
software  has  been  widely  used  for  one-,  two-,  and  three-dimensional  calcula¬ 
tions. 

Bourlioux  ei  al  [7,  8]  developed  an  advanced  numerical  method,  composed 
of  a  high-order  upwind  scheme,  a  front  tracking  method,  and  an  adaptive  refine¬ 
ment  algorithm,  for  direct  calculations  of  detonations.  They  presented  detailed 
comparisons  between  the  theoretical  solution  and  their  numerical  solution.  Some 
of  their  results  are  used  as  a  guideline  in  the  development  of  the  present  CE/SE 
method  for  detonations. 

Quirk  [9]  addressed  the  particular  deficiency  of  the  Godunov-type  upwind 
schemes  when  solving  complex  flows  such  as  detonations,  and  developed  a  strat- 
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egy  to  overcome  the  weakness.  By  using  his  modified  upwind  method,  he  suc¬ 
cessfully  simulated  the  galloping  one-  and  two-dimensional  detonations. 

Yungster  and  Radhakrishnan  [10]  developed  a  fully  implicit,  time-accurate 
upwind  method  for  supersonic  combustion.  An  efficient  Successive  Gauss-Seidel 
iteration  method  was  used  to  invert  the  matrix.  They  have  reported  numerical 
results  related  to  a  projectile  moving  in  a  hydrogen— air  mixture. 

Papalexandris  [11]  developed  an  unsplit  upwind  method  for  hyperbolic  con¬ 
servation  laws  with  a  stiff  source  term.  The  method  is  based  on  integrating  the 
flow  equations  along  the  characteristic  manifolds  in  space-time.  In  the  present 
investigation  one  of  his  test  cases  will  be  revisited.  So  far,  it  is  well  recognized 
that  a  good  scheme  for  the  reactive  flow  must  be  able  to  capture  correct  shock 
speed,  resolve  wave  structures  in  multidimensional  case,  and  present  the  correct 
period  of  the  possible  unsteady  oscillation  in  the  wave. 

The  objective  of  the  present  work  is  to  apply  the  Space-Time  CE/SE  method, 
originally  developed  by  Chang  and  coworkers  [12-16],  to  calculate  the  travelling 
detonation  waves.  In  order  to  assess  the  numerical  accuracy,  detailed  compar¬ 
isons  between  the  theoretical  solution  and  the  numerical  results  were  conducted. 
In  particular,  the  number  of  mesh  nodes  required  for  an  accurate  resolution  of 
the  reaction  zone  following  the  shock  front  are  identified. 

The  rest  of  this  paper  is  organized  as  follows.  In  Section  2,  a  brief  description 
of  the  CE/SE  method  is  provided.  The  numerical  treatment  for  the  stiff  source 
terms  associated  with  the  finite-rate  chemistry  is  discussed.  In  Section  3,  the 
theoretical  model  of  the  simulated  detonations  is  presented.  In  Section  4,  the 
numerical  solutions  by  the  CE/SE  method  for  steady  and  unsteady  detonations 
will  be  reported,  followed  by  concluding  remarks. 


2  THE  SPACE-TIME  CE/SE  METHOD 

The  details  of  the  Space-Time  CE/SE  method  have  been  extensively  illustrated 
in  the  cited  references  [12-14].  Here,  a  brief  discussion  of  the  essential  steps 
IS  provided.  The  underlying  tenet  of  the  CE/SE  method  is  an  equal  footing 
treatment  of  space  and  time,  and  calculations  of  the  flow  variables  are  based 
on  local  and  global  space-time  flux  balance.  The  resultant  formulation  allows 
flexible  geometry  of  space-time  conservation  elements,  over  which  the  space-time 
flux  is  enforced.  In  the  CE/SE  method,  the  space-time  conservation  elements 
were  constructed  such  that  flow  solutions  at  neighboring  locations  leapfrog  each 
other  in  time  marching.  As  a  result,  the  Riemann  problem  was  avoided  in 
calculating  the  flux.  Moreover,  the  spatial  gradients  of  the  flow  variables  are 
treated  as  the  unknowns  and  they  march  in  time  hand  in  hand  with  the  flow 
variables.  Thus  no  reconstruction  step  is  used.  In  the  following,  the  basic  concept 
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of  the  space-time  CE/SE  method  is  illustrated.  The  treatment  of  the  source  term 
will  also  be  discussed. 


2.1  The  Space-Time  Integration 


A  two-dimensional  scalar  convection  equation  is  used  to  illustrate  the  CE/SE 
method.  Consider  an  initial-value  problem  governed  by  the  equation 


du  du  dll  ,  . 


(1) 


Let 


where  and  Cy  are  constants  and  the  source  term  r(t/)  is  a  function  of  v. 
xi  =  X,  X2  =  y,  and  sg  =  <  be  the  coordinates  of  a  three-dimensional  Euclidean 
space  Es.  Thus  the  left  hand  side  of  Eq.  (1)  becomes  a  divergence  operation 

Vh  =  r(u)  (2) 


where  the  current  density  vector  h  —  ayU,  u).  By  using  Gauss  divergence 

theorem  in  Ea,  one  obtains  the  integral  equation 

/  h  -  ds  =  j  t(u)  dR  (3) 

S(R)  R 

where  S{R)  is  the  boundary  of  an  arbitrary  space-time  region  R  in  Ea,  ds  =  dan 
with  da  and  n,  respectively,  being  the  area  and  the  outward  unit  normal  of  a 
surface  element  on  S{R),  and  dR  is  a  differential  space-time  volume  in  5(i?). 
Note  that  h  •  ds  is  the  space-time  flux  of  h  leaving  the  region  R  through  the 
surface  element  ds.  Treating  Ea  as  a  three-dimensional  Euclidean  space,  we  can 
carry  out  all  mathematical  operations.  Here,  space  and  time  are  treated  as  one 
entity,  and  there  is  no  restriction  on  the  space-time  geometry  of  the  conservation 
elements,  over  which  the  space-time  flux  is  imposed. 

Let  Q  denote  the  set  of  all  staggered  space-time  mesh  nodes  (j,  k,  n)  m 
Ea  with  n  being  the  time  step  number,  and  j  and  k  being  the  spatial  indices. 
For  each  (j,  k,  n)  €  Q,  let  the  solution  element  SE(j,  k,  n)  be  the  interior  of 
the  space-time  region  bounded  by  dashed  lines  depicted  in  Fig.  1.  In  this  case, 
point  a  is  the  mesh  node  of  concern.  It  includes  a  forked  line  segment  and 
its  immediate  neighborhood.  For  the  discussions  given  in  this  paper,  the  exact 
size  of  this  neighborhood  does  not  matter.  For  any  (x,y,t)  €  SE(j,  fc,n),  let 
u{x,y,t)  and  h(x,y,t),  respectively,  be  approximated  by  u*{x,y,t\hk,n)  and 
ki.*{x,y,t-,j,k,n).  Let 


u*(x,y,t-,  j,k,n) 


_  *,n 

— 


-b  -  xj)  +  {uy)’j,kiy  -  y*--)  +  ~ 
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Figure  1  The  mesh  stencil  of  the  CE/SE  method  for  two-dimensional  analysis 


where  (z)  constants  in  SE(j,  k,  n),  and 

(ii)  (xj,  yk,  t")  are  the  coordinates  of  the  mesh  point  {j,  k,  n).  As  will  be  ex¬ 
plained  later,  it  will  be  assumed  that 

^  ~  (h) 

Combining  Eqs.  (4)  and  (5),  one  has 

~  '^j,k  +  ('^^)j,k  [(^  “  ^i)  “  —  t^)]  +  [(y  yk)  “  (6) 

where  (a?,  y,  i)  E  SE(j,  k,  n).  Note  that  the  source  term  effect  is  neglected  in 
calculating  the  time  derivative  term  in  Eq.  (5).  To  justify  Eq.  (5),  assume  that 
the  value  of  it  on  a  macro  scale,  i.e.,  the  value  of  u  obtained  from  an  averaging 
process  involving  a  few  neighboring  CEs,  does  not  vary  significantly  as  a  result 
of  redistributing  the  source  term  r  over  the  neighboring  CEs  while  keeping  the 
total  source  term  effect  constant.  Thus,  one  can  take  the  liberty  to  redistribute 
the  source  term  such  that  there  is  no  source  present  in  each  SE.  Equation  (6)  is 
the  result  of  substituting  Eq.  (5)  into  Eq.  (4). 

As  a  result,  there  are  three  independent  marching  variables  ujf,, 
and  (%)”jt  associated  with  the  node  {j,k,n).  Furthermore,  because 
h  =  (a^u,  UyU,  u),  one  defines 

h*{x,y,t]j,k,n) 

=  {a^u*(x,  y,i\j,  k,  n),  ayU*{x,  y,i]j,k,n),  u*{x,  y,i;j,  k,  n))  (7) 
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Let  £’3  be  divided  into  nonoverlapping  hexagonal-based  columns  referred  to 
as  conservation  elements  (CEs),  shown  in  Fig.  1.  The  CE  with  the  midpoint  of 
its  top  face  being  any  mesh  point  (j,  n)  is  denoted  by  CE(7,  £,  n).  The  discrete 
approximation  of  Eq.  (3)  is 

h  '  ds  =  X  CE{j,k,n)  (8) 

S(CE(i,fc,n)) 

where  is  assumed  to  be  the  average  value  of  r(u)  in  CE(J,  k,  n).  Equa¬ 

tion  (8)  states  that  the  total  space-time  flux  of  h*  leaving  the  boundary  of  any 
CE  is  equal  to  the  integration  of  the  source  term  over  the  CE. 

Because  the  boundary  of  CE(j,  k,  n)  is  a  subset  of  the  union  of  SE(a),  SE(c), 
and  SE(e)  (refer  to  Fig.  1),  Eqs.  (8)  imply  that 

-  Y  ^ 

where  /*,  i  =  1,  2,  and  3,  are  the  space-time  fluxes  calculated  by  using  Eqs.  (6) 
and  (8).  Refer  to  the  CE/SE  references  [12-16]  for  details.  Given  the  values 
of  the  marching  variables  at  the  (n  —  l/2)th  time  level,  is  determined  by 
solving  Eq.  (9)  with  the  aid  of  Newton  iteration  method  for  the  source  term. 
The  initial  condition  of  u  for  Newton  iterations  is  specified  by  Eq.  (9)  without 
the  source  term.  After  u” is  calculated,  (ux)Jk  evaiilated  using 

a  central  difference  type  procedure,  which  was  described  fully  in  [12-16]. 

To  proceed,  let  (j,  n)  G  Q.  With  the  aid  of  Eq.  (5),  one  can  perform  Taylor 
expansion  in  time  from  the  center  of  the  SE(j,  k,  n  —  1/2)  to  the  top  vertex  of 
the  same  SE: 


At 


1/2 


(10) 


This  calculation  is  done  for  the  variables  at  points  a,  c,  and  e  of  the  previous 
time  step,  surrounding  the  point  g,  to  the  new  time  step.  Refer  again  to  Fig.  1. 
Combined  with  u  at  point  g  at  the  new  time  step,  four  u  values  at  the  new 
time  level  are  available  to  construct  Ux  and  Uy  3,1  g.  A  central  differencing 
procedure  is  used  to  calculate  Ux  and  Uy.  Although  not  shown,  Ux  and  Uy 
calculated  by  this  procedure  imply  the  addition  of  an  artificial  damping  with 
€  =  0.5  in  the  a-e  scheme,  which  is  a  part  of  the  CE/SE  method  for  nonlinear 
equations  [12,  13].  If  shock  capturing  is  of  interest,  additional  treatment  is 
needed  to  surpress  parasitic  oscillations  associated  with  contact  discontinuities. 
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Usually,  a  reweighting  function  is  used  [12,  13].  Limitors  used  in  the  upwind 
schemes  could  also  serve  the  purpose.  Details  of  these  treatments  can  be  found 
in  the  original  reports  for  the  CE/SE  method. 


3  THEORETICAL  MODEL 

The  two-dimensional  detonations  can  be  formulated  by  the  Euler  equations  cou¬ 
pled  with  a  species  equation: 


^  ^  OT  _ 

dt  dx  dy  ~ 

where  Q  is  the  unknown  vector,  E  and  F  are  the  flux  vectors, 
term: 


(11) 

and  S  is  the  source 


p  \ 

f  pu  \ 

/  pv  \ 

pu 

pu^  -f-p 

puv 

0  ' 

pv 

,  E  = 

puv 

.  F  = 

pu^  -hp 

,  S  = 

0 

pE 

{pE  +  p)u 

{pE  -h  p)v 

0  1 

PY  y 

\  p^y 

\  pvY  j 

^  ) 

The  above  five  equations  are  the  continuity,  two  momentum,  energy,  and 
species  equations,  respectively.  In  the  equation  set,  p  is  density,  u  and  v  are 
velocity,  p  is  pressure,  Y  is  the  mass  fraction  of  the  reactant,  and  £*  =  e  -f  Fg  -f- 
+  is  the  total  energy  with  e  as  the  internal  energy  and  q  as  the  chemical 
heat  release.  In  the  species  equation,  a  source  term  exists  due  to  the  one-step, 
irreversible  chemical  reaction,  modeled  by  finite-rate  kinetics.  The  source  term 
can  be  expressed  as 


uj  =  —K  exp 


(13) 


where  K  is  the  preexponential  factor  of  the  Arrhenius  kinetics,  E+  is  the  acti¬ 
vation  energy,  and  R  is  the  universal  gas  constant.  The  above  equations  are 
nondimensionalized  based  on  the  density,  velocity,  and  pressure  of  the  unburned 
reactant,  i.e.,  po,  uq,  and  po-  To  keep  the  equation  system  consistent,  the  total 
energy,  the  internal  energy,  and  the  kinetic  energy  are  nondimensionalized  by 
^0)  Co,  Uq  ,  and  RTq.  In  addition,  the  steady  half-reaction  zone  length  is  used 
as  the  characteristic  length  scale  Iq,  and  the  time  scale  tq  =  Iq/uq.  Previously, 
a  comprehensive  chemical  reaction  model  for  H2-air  reactions  with  nine  species 
and  eighteen  reaction  steps  has  been  implemented  into  the  CE/SE  method  [17]. 
The  comprehensive  chemistry  model,  however,  is  out  of  the  scope  of  the  present 
paper. 
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Figure  2  Schematic  of  a  detonation  wave 


4  RESULTS  AND  DISCUSSIONS 

Figure  2  is  a  schematic  of  detonation  waves.  A  piston-supported  detonation  is 
travelling  from  left  to  right  and  the  flow  field  is  composed  of:  (i)  the  quiescent 
state  of  the  reactant  before  the  shock,  (n)  a  von  Neumann  spike  with  a  finite 
rate  reaction,  and  (n'i)  the  equilibrium  state  between  the  piston  and  the  spike. 


4.1  One-Dimensional  Solutions 

Two  types  of  detonation  calculations  are  of  concern: 

(1)  the  piston  problems,  in  which  the  detonation  waves  are  initialized  by  a  moving 
piston  into  the  reactant,  and 
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Figure  3  Simulated  shock  propagation  as  compared  to  the  analytical  solution:  J  — 
ZND  profile;  2  —  CE/SE  results 


(2)  the  instability  problems,  in  which  a  steady  state  ZND  analytical  solution  is 
used  as  the  initial  condition  with  the  chosen  flow  parameters  such  that  the 
flow  field  is  unstable. 

In  both  cases,  detailed  comparisons  between  the  analytical  solutions  and  numer¬ 
ical  solutions  are  conducted  to  assess  the  numerical  accuracy  of  the  space-time 
CE/SE  method. 

The  initial  condition  of  the  piston  problem  is  a  long  tube  filled  with  reactant 
with  a  piston  on  one  end  moving  at  a  constant  speed  into  the  quiescent  reactant. 
The  piston  face  is  used  as  the  origin  of  the  coordinate  system.  According  to  this 
coordinate  frame,  reactant  is  charged  into  a  closed-end  tube  at  a  constant  speed. 
Thus,  a  shock  wave  is  reflected  on  the  closed  end  to  ignite  the  reactant. 

The  parameters  of  the  flow  field  in  the  present  calculation  are  set  as  5  =  50, 
E+  =  50,  7  =  1.2,  and  the  overdrive  coefficient  equal  to  1.8.  According  to  the 
classical  theory  for  detonation  instability,  a  transient  but  stable  detonation  wave 
should  be  obtained  with  these  parameters.  In  this  calculation,  10  mesh  nodes 
are  used  in  the  half-reaction  zone.  Figure  3  shows  the  density  distribution  at 
t  =  100.  The  numerical  result  shows  a  correct  shock  location  as  compared  to  the 
analytical  solution.  For  the  same  calculation,  Fig.  4  shows  detailed  comparisons 
of  pressure,  density,  and  reactant  mass  fraction  profiles  of  the  von  Neumann 
spike.  Good  agreement  is  obtained  between  the  analytical  solution  and  the 
numerical  solution  by  the  CE/SE  method. 

To  further  investigate  the  accuracy  of  the  CE/SE  method,  the  comparison 
between  the  numerical  solution  and  the  theoretical  solution  in  the  classical  p-v 
diagram  is  shown  in  Fig.  5.  The  initial  condition  is  p  =  -u  =  1  at  the  lower  right 
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Figure  4  Detailed  structure  of  the  von  Neumann  spike:  J  —  ZND  profile;  2  — 
CE/SE  results 


corner  of  the  plot.  Note  that  the  x  and  y  axes  are  in  different  scales.  Across  the 
shock,  the  flow  solution  jumps  to  the  intersection  of  the  Hugoniot  curve  (g  —  0) 
and  the  Ra yleigh  line.  In  the  figure,  the  theoretical  shock  path  (denoted  by  small 
circular  symbols)  is  calculated  by  solving  one-dimensional  compressible  Navier- 
Stokes  equations.  Remark  that  the  artificial  damping  (the  a-e-a  scheme)  was 
added  to  the  numerical  scheme  to  control  the  intermediate  flow  solution  inside 
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Figure  5  Thep  v  diagram  of  a  steady  detonation:  1  —  Hugoniot  curve;  2  —  CE/SE 
results;  3  —  shock  path  ' 


the  shock.  Nevertheless,  the  numerical  solution  of  p  and  v  by  the  space-time 
CE/SE  method  is  quite  close  to  the  theoretical  shock  path.  In  the  reaction  zone 
following  the  shock  front,  the  numerical  solution  coincides  with  the  Rayleigh  line. 
In  the  equilibrium  region,  where  the  reaction  is  complete,  the  numerical  solution 
converges  to  intersection  of  the  Rayleigh  line  and  the  Hugoniot  curve  (q  =  50) 
Because  of  the  overdrive  factor  (/  =  1.8),  the  p-v  values  in  the  reaction  zone  are 
much  higher  than  the  CJ  point,  which  is  denoted  by  a  square  symbol  in  Fig.  5. 
This  figure  demonstrates  that  the  quality  of  the  numerical  result  is  comparable 
to  that  of  the  analytical  solution. 

If  one  lowers  the  overdrive  factor  to  1.6,  the  detonation  wave  becomes  unsta¬ 
ble  and  a  longitudinal  wave  bouncing  between  the  piston  and  the  shock  front  can 
be  observed.  In  Fig.  6,  the  temporal  evolution  of  the  pressure  level  at  the  shock 
front  is  shown.  In  this  calculation,  only  5  mesh  nodes  are  used  in  a  half-reaction 
zone.  The  start-up  process  of  the  pushing  piston  causes  the  first  pressure  peak  in 
Fig.  6.  After  that,  the  flow  field  settles  down  and  the  instability  waves  gradually 
built  up.  After  i  >  30,  a  remarkable  instability  wave  occurs.  In  about  50  time 
units,  there  are  about  8  pressure  peaks.  This  numerical  solution  is  in  excellent 
agreement  with  the  results  [1]. 
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Figure  6  The  instability  of  the  shock  front  in  a  piston  problem 


In  addition  to  the  piston  problems,  a  mesh  refinement  study  for  the  numer¬ 
ical  resolution  of  the  longitudinal  instabilities  of  the  detonation  waves  was  also 
conducted.  To  avoid  the  complexity  of  the  start-up  process  of  the  pushing  pis¬ 
ton  the  analytical  solution  of  a  stationary  ZND  detonation  is  used  as  the  initial 
condition.  In  this  case,  the  spatial  coordinate  is  chosen  such  that  the  a;  coor  i- 
nate  of  the  shock  front  is  zero.  The  parameters  of  the  flow  field  m  the  present 
calculation  are  q  =  50,  £+  =  50,  7  -  1-2,  and  the  overdrive  coefficient  equal  to 
1.6.  Figures  7a  to  7c  show  the  temporal  evolution  of  the  pressure  level  ot  the 
shock  front  using  5,  10,  and  20  grid  nodes  per  half-reaction  zone,  respectively. 

The  wavelength  of  the  oscillating  pressure  of  the  unstable  shock  front  com¬ 
puted  by  the  CE/SE  method  agrees  very  well  with  that  obtained  by  Bourlioux  [ij. 
Figure  8  shows  the  peak  pressures  obtained  by  various  upwind  schmnes  an  t  le 
present  method.  In  Fig.  8,  a  relative  mesh  spacing  of  w,  corresponding  lO/w’ 
points  per  half-reaction  zone,  is  used  as  the  x-axis.  Fickett  and  Wood  [1]  es¬ 
tablished  that  for  the  above  mentioned  flow  parameters  the  peak  pressure  is 
about  98.6.  When  fine  meshes  are  used,  all  methods  considered  converge  to  that 

value. 


4.2  Two-Dimensional  Solution 

The  detonation  instability  problem  in  the  one-dimensional  calculations  was  also 
studied  for  the  two-dimensional  case.  The  calculation  was  started  with  the  steady 
ZND  analytical  solution.  The  periodic  boundary  condition  was  applied  along  the 
two  lateral  sides  of  the  computational  domain.  The  parameters  of  the  flow  field 
in  the  present  calculation  were  set  as  q  =  50,  E+  =  50,  7  =  1-2.  and  the  overdrive 
coefficient  /  equal  to  1.6. 
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(«) 


(b) 


(c) 


Figure  7  Mesh  refinement  study  of  detonation:  (a)  5  grid  nodes  per  half-reaction 
zone;  (6)  10;  and  (c)  20 


Figure  9  is  a  sequence  of  ten  snapshots  for  the  pressure  contours  that  show 
the  transverse  wave  structure  of  the  detonation  front  at  every  half  a  time  unit. 
The  fresh  reactant  moves  in  the  top  down  direction  and  is  consumed  by  the  flame 
front.  The  mesh  resolution  is  about  10  mesh  nodes  per  half-reaction  zone  in  the 
one-dimensional  sense.  From  this  sequence  one  can  confirm  that  the  transverse 
wave  system  behind  the  detonation  is  essential  in  sustaining  propagation. 
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Figure  8  Peak  pressures  predicted  by  different  schemes  with  mesh  refinement:  1 
CE/SE;  2  —  [7];  3  —  [9],  superbee  limiter;  4  —  [11],  unsplit  scheme;  and  5  —  [9], 
minmod  limiter 


The  life  cycle  of  the  detonation  waves  can  be  clearly  seen  —  growth,  decay 
and  re-initiation  of  the  detonation.  From  this  sequence,  one  can  confirm  the 
classical  picture  of  “explosion  within  explosion,”  sustained  by  the  propagation 
of  the  transverse  cells  in  the  detonation  front.  At  each  collision  of  triple  points,  a 
pair  of  vortices  with  opposite  signs  is  created  and  propagates  downstream.  Due 
to  these  vortices,  some  unburned  reactant  is  engulfed  into  the  flame  zone  and 
the  unburned  pockets  behind  the  flame  zone  are  created. 

Figure  10  shows  the  peak  pressure  history  for  two-dimensional  detonation 
waves  and  comparisons  with  one-dimensional  and  classical  ZND  detonations. 
The  numerical  result  shows  that  the  period  of  galloping  peak  pressures  of  two- 
dimensional  detonation  is  much  shorter  than  that  in  one-dimensional  case  due 
to  the  transverse  waves.  Besides  the  pressure  peaks  of  unstable  detonations  are 
much  higher  than  the  von  Neumann  pressure  peak  predicted  by  the  classical 
ZND  model.  Similar  to  that  in  the  one-dimensional  detonations,  the  flow  field 
is  composed  of;  (2)  the  quiescent  state  of  the  reactant  before  the  shock,  (ii)  a 
von  Neumann  spike  with  finite-rate  chemical  reaction,  and  (n?)  the  equilibrium 
state  after  the  reaction  zone. 

However,  due  to  the  two-dimensional  cellular  structure  of  the  detonation 
(shown  in  Fig.  11),  the  flow  field  is  much  more  complex.  The  shock  front  is  char¬ 
acterized  by  mushroom-shaped  incident  shocks  interacting  with  a  Mach  stem. 
The  width  of  the  Mach  stem  changes  in  a  periodic  fashion  and  tremendous  vor- 
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Figure  9  Sequence  of  ten  snapshots  of  pressure  (increasing  time  from  top  left  to 
bottom  right,  shock  moves  upwards);  /  =  1.6;  width  7.5  (shown  twice) 
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Figui'e  11  Cellular  structure  of  travelling  detonation 
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tices  are  created  during  the  process.  The  continuous  burning  of  the  unburned 
pockets  behind  the  flame  zone  greatly  extends  the  effective  flame  zone.  In  gen¬ 
eral,  the  flow  features  shown  here  are  consistent  with  previous  reported  numerical 
and  experimental  results. 


5  CONCLUDING  REMARKS 

The  space-time  CE/SE  method  was  conceived  from  a  perspective  of  faithfully 
enforcing  the  space-time  flux  conservation  in  a  space- time  domain.  The  method 
was  designed  to  avoid  the  limitation  of  traditional  methods.  It  was  built  from 
a  foundation,  which  is  solid  in  physics  and  yet  mathematically  simple,  that  one 
can  build  from  it  a  coherent,  robust,  and  accurate  CFD  framework  for  complex 
flow  fields. 

In  the  present  paper,  the  space-time  CE/SE  method  has  been  extended  to 
solve  two-dimensional  detonations.  All  special  features  of  this  complex  flow 
are  crisply  resolved,  including  transverse  wave  structure,  triple  points,  Mach 
stem,  counter-rotating  vortices,  and  unburned  pockets.  The  result  obtained  is 
consistent  with  the  previous  experimental  and  numerical  results. 


REFERENCES 

1.  Fickett,  W.,  and  W.  W.  Wood.  1966.  Flow  calculations  for  pulsating  one¬ 
dimensional  detonations.  Physics  Fluids  9(3): 90 3-1 6. 

2.  Taki,  S.,  and  T.  Fujiwara.  1978.  Numerical  analysis  of  two-dimensional  nonsteady 
detonations.  AIAA  J.  16:1. 

3.  Taki,  S.,  and  T.  Fujiwara.  1981.  Numerical  simulation  of  triple  shock  behavior  of 
gaseous  detonation.  18th  Symposium  (International)  on  Combustion  Proceedings. 
Pittsburg,  PA:  The  Combustion  Institute.  1671-81. 

4.  Gamezo,  V.  N.,  D.  Desbordes,  and  E.  S.  Oran,  1999.  Formation  and  evolution  of 
two-dimensional  cellular  detonations.  Combustion  Flame  116:154-65, 

5.  Kailasanath,  K,,  E.  S.  Oran,  J.P.  Boris,  and  T.  R.  Young.  1985.  Determination  of 
detonation  cell  size  and  the  role  of  transverse  waves  in  two-dimensional  detonations. 
Combustion  Flame  61:199-209. 

6.  Williams,  D.N.,  L.  Bauwens,  and  E.  S.  Oran.  1996.  Detailed  structure  and  propa¬ 
gation  of  three-dimensional  detonations.  26th  Symposium  (International)  on  Com¬ 
bustion  Proceedings.  Pittsburg,  PA:  The  Combustion  Institute.  2991-98. 

7.  Bourlioux,  A.  J.  Majda,  and  V.  Roytburd.  1991.  Theoretical  and  numerical  struc¬ 
ture  for  unstable  one-dimensional  detonations.  SIAM  J.  Applied  Mathematics 
51:303-43. 


123 


HIGH-SPEED  DEFLAGRATION  &  DETONATION 


8.  Bourlioux,  and  A.  J.  Majda.  1995.  Theoretical  and  numerical  structure  of  unstable 
detonations.  Philos.  Tra.ns.  Royal  Society  London,  Series  A  350:29-68. 

9.  Quirk,  J.  J.  Godunov-type  schemes  applied  to  detonation  flows.  ICASE  Report 
No.  93-15.  (Also  NASA  Contractor  Report  191447.) 

10.  Yungster,  S.,  and  K.  Radhakrishnan.  1994.  A  fully  implicit  time  accurate  method 
for  hypersonic  combustion:  application  to  shock  induced  combustion  instabilities. 
NASA  Technical  Memorandum  106707.  (Also  AIAA  Paper  No.  94-2965.  30th  Joint 
Propulsion  Conference  Proceedings.  Indianapolis,  IN.) 

11.  Papalexandris,  M.V.  1997.  Unsplit  numerical  schemes  for  hyperbolic  systems  of 
conservation  laws  with  source  terms.  Ph.  D.  Thesis,  California  Institute  of  Tech¬ 
nology. 

12.  Chang,  S.  C.  1995.  The  method  of  space-time  conservation  element  and  solution 
element  —  a  new  approach  for  solving  the  Navier-Stokes  and  Euler  equations. 
J.  Comput.  Physics  119:295-324. 

13.  Chang,  S.  C.,  X.  Y.  Wang,  and  C.  Y.  Chow.  1994.  New  developments  in  the  method 
of  space-time  conservation  element  and  solution  element:  Applications  to  two- 
dimensional  time-marching  problems.  NASA  Technical  Memorandum  106758. 

14.  Yu,  S.T.,  and  S.  C.  Chang.  1997.  Treatments  of  stiff  source  terms  in  conservation 
laws  by  the  method  of  space-time  conservation  element  and  solution  element.  AIAA 
Paper  No.  7-0435.  35th  AIAA  Aerospace  Sciences  Meeting  Proceedings.  Reno,  NV. 

15.  Yu,  S.T.,  and  S.  C.  Chang.  1997.  Applications  of  the  space-time  conservation  el¬ 
ement  and  solution  element  method  to  unsteady  chemically  reactive  flows.  AIAA 
Paper  No.  97-2007.  In:  Collection  of  Technical  Papers,  13th  AIAA  CFD  Conference 
Proceedings.  Snowmass,  CO. 

16.  The  web  page  of  the  CE/SE  Working  Group  at  NASA  Glenn;  http:// 
www.grc.nasa.gov/WWW/microbus/index.html 

17.  Yu,  S.T.,  S.C.  Chang,  and  P.C.  E.  Jorgenson.  1999.  Direct  calculation  of  detona¬ 
tion  with  multi-step  finite-rate  chemistry  by  the  space-time  conservation  element 
and  solution  element  method.  30th  Fluid  Dynamics  Conference  and  Exhibit  Pro¬ 
ceedings.  Norfolk,  VA. 


124 


PHENOMENON  OF  NON-SELF-SIMILARITY 
IN  UNSTEADY  MACH  REFLECTION 
OF  DETONATION  WAVES 


A.  V.  Trotsyuk 


Reflection  of  the  unsteady  multifront  two-dimensional  gas  detonation 
waves  on  the  wedge  has  been  numerically  simulated  for  stoichiometric 
hydrogen-oxygen  mixtures.  The  critical  wedge  angle,  at  which  the  tran¬ 
sition  from  regular  to  Mach  reflection  occurs,  is  determined  for  the  initial 
pressure  ofpo  =  0.2  bar.  In  the  case  of  Mach  reflection,  it  is  established 
for  various  wedge  angles  that  the  growth  of  the  Mach  stem  is  not  self- 
similar,  i.e.,  the  triple  point  trajectory  is  not  a  straight  line.  This  fact 
was  previously  recognized  experimentally.  In  complete  agreement  with 
experimental  data,  the  numerical  analysis  shows  that  the  ultimate  height 
of  the  Mach  stem  depends  on  the  wedge  angle.  The  influence  of  the  det¬ 
onation  cell  size  and  gradients  of  parameters  in  the  incident  detonation 
wave  on  the  regularities  of  the  Mach  stem  growth  and  on  the  value  of 
the  critical  wedge  angle  is  studied. 


1  INTRODUCTION 

Many  researchers  have  conducted  experimental,  analytical,  and  numerical  inves¬ 
tigations  of  the  reflection  of  a  self-sustained  unsteady  detonation  wave  (DW) 
on  a  wedge  [1-9].  Rather  complete  reviews  of  the  related  papers  can  be  found 
in  [1,  10].  The  main  goal  of  studying  the  DW  diffraction  has  been  to  determine 
the  critical  wedge  angle,  at  which  the  transition  from  regular  to  Mach  reflection 
occurs,  and  to  describe  the  triple  point  trajectory. 

Experimental  studies  have  been  performed  with  stoichiometric  mixtures 
2H2  -1-  O2  without  Ar  dilution  [1,  3,  4,  6]  and  with  Ar  dilution  [2],  C2H2  +  2.502 
without  Ar  dilution  [3,  4]  and  with  Ar  dilution  [2].  The  values  of  initial  pressure 
in  the  mixtures,  po,  were  0.2  [1,  2],  0.2-0.4  [6],  0.05-1  bar  [3,  4].  The  values  of  the 
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critical  wedge  angle  obtained  experimentally  in  these  studies,  as  well  as  available 
theoretical  results,  were  compared  in  [6,  9].  Gavrilenko  and  Prokhorov  [3,  4]  ob¬ 
tained  experimentally  the  triple  point  trajectory  at  a  large  distance  L  ^  lOOao 
travelled  by  the  Mach  stem  (MS)  along  the  wedge  from  its  apex,  where  oq  is  the 
transverse  size  of  the  cell  of  the  incident  DW.  It  was  found  that  the  tiiple  point 
motion  is  not  self-similar  (i.e.,  its  trajectory  is  not  a  straight  line),  and  there  ex¬ 
ists  an  ultimate  MS  height  which  depends  on  the  wedge  angle.  Being  ploUed  in 
coordinates  normalized  by  ao,  the  triple  point  trajectories  for  different  mixtures 
and  initial  pressures  coincide  with  the  accuracy  of  the  order  of  fluctuations  in 

the  MS  height.  ^ 

Analytical  consideration  [1,  2,  5,  9]  of  DW  diffraction  on  a  wedge  (for  which 
it  was  sometimes  necessary  to  calculate  numerically  the  oblique  detonation  po- 
lars)  was  performed  similar  to  standard  inviscid  two-  and  three-shock  models  for 
nonreacting  gas  dynamics  [11].  A  single-front  DW  model  with  an  instantaneous 
chemical  reaction,  that  immediately  transformed  the  gas  mixture  from  its  initial 
state  to  the  chemically  equilibrium  Chapman-Jouguet  (CJ)  state,  was  assumed 
implicitly  or  explicitly.  In  this  analysis,  the  multifront  (cellular)  structure  of  the 
DW,  gradients  of  the  parameters  both  in  the  induction  zone  and  in  the  heat  re¬ 
lease  zone,  and,  finally,  the  Taylor  wave  adjacent,  to  the  CJ  point  at  the  rear  were 
ignored.  As  a  matter  of  fact,  reflection  of  a  planar  steady  wave  with  CJ  param¬ 
eters  and  iniinitesimal  flow  gradients  behind  it  were  studied.  This  consideration 
made  it  possible  to  use  the  results  of  nonreacting  gasdynamics. 

Numerical  simulation  of  formation  and  propagation  of  an  overdriven  DW 
in  conically  converging  channels  [8]  was  performed  within  the  framework  of 
the  single-front  model,  but  taking  into  account  the  gradients  of  parameters  in 
detonation  products  behind  the  DW  front.  The  time-dependent  equations  of 
gas  dynamics  were  solved  in  an  axisymmetric  formulation  for  a  stoichiometric 
C2H2  +  2.5O2  mixture  at  po  =  1  bar.  It  was  found  that  as  the  flow  gradients 
increase,  the  critical  cone  angle  decreases  from  42"^  at  a  zero  gradient  to  36®  at 
an  infinitely  large  gradient  of  parameters  (extrapolation  of  numerical  data).  No 
triple  point  trajectories  were  presented  in  the  paper,  only  a  smooth  curvature 
of  the  Mach  stem  at  the  point  of  its  junction  with  the  incident  DW  front  was 
noted. 

Reflection  of  a  two-dimensional  multifront  unsteady  DW  from  a  wedge  was 
numerically  studied  in  [6,  7].  To  simulate  the  front  structure,  the  authors  used  a 
two-step  model  of  chemical  reactions  (the  induction  parameter  model).  The  ratio 
of  specific  heats  7  is  taken  as  a  function  of  the  burnt  fraction  according  to  [6], 
or  assumed  constant  7  =  const  as  in  [7].  The  calculated  size  of  the  detonation 
cell  ao  =  0.6  cm  for  a  2H2  -f-  O2  mixture  at  an  initial  pressure  po  =  0.2  bar  is  in 
good  agreement  with  the  experimental  data  (sec  Fig.  10  in  [12,  13],  where  the 
results  and  models  of  a  multifront  DW  proposed  by  other  researchers  were  also 
analyzed).  Calculations  demonstrate  the  formation  of  an  overdriven  multifront 
MS.  However,  the  triple  point  trajectory  was  traced  only  up  to  L  «  5ao. 
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In  the  present  paper,  reflection  of  a  two-dimensional  multifront  DW  from 
a  wedge  is  studied  numerically  to  find  the  critical  wedge  angle,  escertain  the 
behavior  of  the  triple  point  trajectory  at  large  Lja^  values  and  determine  the 
effect  of  the  incident-wave  structure  (detonation  cell  size  and  the  flow  gradi¬ 
ents)  on  Mach  reflection.  Simulation  was  performed  for  a  2H2  +  O2  mixture  at 
Po  =  0.2  bar  and  To  =  298.15  K. 


2  FORMULATION  OF  THE  PROBLEM 


A  plane  rectangular  channel  filled  with  an  explosive  mixture  is  considered.  The 
DW  is  initiated  in  the  vicinity  of  the  left  closed  end  of  the  channel.  The  wedge, 
which  is  a  continuation  of  the  channel  bottom,  was  located  at  a  certain  distance 
from  this  end  to  ensure  onset  of  a  self-sustaining  multifront  DW. 

The  coordinate  origin  is  chosen  in  lower  left  corner  of  the  channel.  The  ic-axis 
was  directed  along  the  bottom  wall  of  the  channel  towards  DW  propagation.  The 
p-axis  is  normal  to  the  cc-axis. 

In  this  study,  the  flow  of  a  chemically  reacting  gaseous  mixture  is  described 
by  the  time-dependent  2D  system  of  conservation  laws  for  mass,  momentum, 
and  energy  (Euler  equations).  Viscosity,  molecular  diffusion,  and  thermal  fluxes 
are  ignored,  i.e. 


where 


^F(q)  dG(q)  _ 
dt  dx  dy 


(1) 


q  =  {p,  pu,  pv,  pE,  pp,  pY)'^ 

F(q)  =  {pu,  pu^  +  p,  puv,  u{pE  +  p),  ppu,  pY u)'^ 

G(q)  =  {pv,puv,pv^  -\-p,v{pE -{■p),ppv,pYv)'^ 

W  =  {Q,0,0,Q,pW^,pWYf 

E  =  U  +  ^{u^  +  v^) 


Reflection  boundary  condition  is  imposed  at  the  surface  of  the  wedge  and  the 
top,  bottom,  and  left-hand  walls  of  the  channel.  At  the  right-hand  boundary, 
the  unperturbed  initial  state  of  the  gas  was  specified. 

Chemical  transformation  in  the  gaseous  mixture  was  described  by  the  follow¬ 
ing  two-step  kinetic  model  [14]: 
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at  0  <  y  <  1 


and  at  y  =  0 


lyy 

vy, 
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TindiP^  T) 

0 
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70  *“  1  P 


-I-  Ed 
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Pm'm 


Wy  ^  0 

=  W,(T,/I,p) 

U  =  U{T,p) 


The  following  notations  are  used  hereafter:  p  is  the  density;  ii  and  v  are  the 
fluid  velocities  in  the  x  and  y  directions,  respectively;  E  and  U  are  the  total 
energy  and  internal  energy  per  unit  mass,  respectively;  Ed  is  the  mean  energy 
of  dissociation  of  the  reaction  products;  Y  is  the  induction  parameter  such  that 
y  =  1  at  the  beginning  of  the  induction  zone  and  y  =  0  at  the  end;  p  is 
the  mean  molar  mass  of  the  mixture;  pai  Pmin^  A^max  the  molar  masses 
of  the  mixture  in  the  atomic,  extremely  dissociated  and  extremely  recombined 
states,  respectively;  p  is  the  pressure;  T  is  the  temperature;  R  is  the  universal 
gas  constant;  7  =  Cp/c^  is  the  ratio  of  specific  heats;  Wp  and  Wy  are  the  rates 
of  change  in  p  and  Y,  respectively;  nnrf(p,T)  is  the  induction  period  of  the  gas 
mixture  at  constant  p  and  T;  subscript  0  denotes  quantities  in  the  initial  state 
and,  for  a  detonation  cell  —  quantitities  in  the  CJ  detonation  regime;  and  the 
superscript  T  denotes  the  transpose. 

The  first,  induction  step,  was  simulated  in  accordance  with  the  empirical 
data  [15].  The  heat-release  step  was  described  with  the  use  of  an  approximate 
model  of  chemical  reactions  at  high  temperatures  [IG'-IS]  and  the  caloric  equa¬ 
tion  of  state  [19].  Equation  p/p  =  RTip  for  a  thermally  perfect  gas  was  used 
as  the  thermal  equation  of  state.  Implementation  of  these  kinetic  models  is  de¬ 
scribed  in  more  details  in  [12,  13].  Note  that  the  proposed  approach  makes  it 
possible  to  take  into  account  substantial  variations  in  the  values  of  the  mean 
molar  mass  of  the  mixture,  heat  release,  specific  heats,  and  their  ratio  during 
chemical  transformation. 


3  NUMERICAL  METHOD 

The  hyperbolic  system  of  equations  (1)  was  solved  numerically.  The  follow¬ 
ing  space  discretization  was  performed.  A  one-dimensional  adaptive  moving 
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grid  [12,  13]  was  used  in  the  i;-direction.  A  part  of  the  grid  with  a  uniform 
distribution  of  nodes  formed  a  zone  (reffered  to  as  the  uniform-grid  zone)  with 
small  cells  that  covered  the  flow  region  near  the  DW  front  with  large  gradients 
of  the  parameters.  The  remaining  cells  with  a  nonuniform  distribution  of  nodes 
occupied  the  region  (reffered  to  as  the  nonuniform-grid  zone)  from  the  closed 
left-hand  end  of  the  channel  to  the  beginning  of  the  uniform-grid  zone. 

In  each  vertical  section  of  the  channel,  the  nodes  along  the  j/-axis  were  ar¬ 
ranged  to  provide  formation  of  a  zone  of  uniform  small  cells  near  the  bottom 
wall  of  the  channel  and  wedge  surface,  and  allowed  periodic  coalescence  of  these 
cells.  In  this  case,  the  conservative  variables  were  reordered  to  a  new  grid,  and 
the  flow  region  was  simultaneously  expanded  in  the  i/-direction  exactly  by  the 
detonation  cell  size  oq.  Owing  to  the  conservative  character  of  this  procedure 
and  applied  numerical  schemes,  the  order  of  accuracy  was  preserved  after  such 
reordering. 

For  each  angle  of  the  wedge,  the  channel  width  was  chosen  to  ensure  the 
conditions  for  the  upper  cell  oq  of  the  incident  DW,  which  corresponded  to 
undisturbed  DW  propagation  in  a  channel  of  width  H  =  ao  [12,  13].  During 
expansion  of  the  flow  region,  an  exact  copy  of  the  upper  cell  ao  formed  a  new 
upper  detonation  cell.  For  a  limited  number  of  cells  along  y,  this  technique  made 
it  possible  to  obtain  a  high  resolution  near  the  wedge  surface,  and  simultaneously 
to  simulate  the  reflection  of  an  almost  arbitrarily  wide  DW  front.  The  latter 
allowed  to  obtain  the  triple  point  trajectory  at  large  L/ao  values  in  the  numerical 
simulation  of  Mach  reflection. 

Intersections  of  the  lines  of  two  families  formed  quadrilateral  cells,  i.e.,  control 
volumes.  The  first  family  of  vertical  lines  was  constructed  on  the  basis  of  grid 
nodes  on  the  a;-axis.  The  second  family  consisted  of  the  lines  connecting  the 
nodes  with  identical  numbers  on  the  y-axis  located  on  lines  of  the  first  family. 

The  system  of  governing  equations  was  solved  employing  MUSCL  TVD 
schemes.  The  fourth-order  scheme  [20,  21]  was  used  to  calculate  the  fluxes  along 
the  a:-axis  in  the  uniform-grid  zone,  and  the  third-order  scheme  [22,  23]  was  used 
in  the  nonuniform-grid  zone.  The  fluxes  along  the  ?/-axis  were  calculated  by  the 
scheme  [20,  21].  The  details  on  the  numerical  method,  Riemann  solvers,  and 
time  integration  can  be  found  in  [12,  13]. 


4  RESULTS  OF  COMPUTATIONS 

Figure  1  shows  a  regular  reflection  of  the  DW  for  a  2H2  +  O2  mixture  at 
Po  =  0.2  bar  and  a  wedge  angle  of  60".  The  detonation  cell  size  for  this  mix¬ 
ture  was  ao  =  0.6  cm  [12,  13].  The  intersection  point  of  the  DW  front  with 
the  wedge  surface  (denoted  by  R  in  Fig.  1)  travelled  the  distance  L  =  12ao 
along  the  surface  from  the  wedge  apex.  This  and  other  figures  show  the  density 
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Figure  1  Regular  reflection  of  the  multifront  detonation  wave  for  po  =0.2  bar, 
To  =  298.15  K,  wedge  angle  of  GO®,  and  L  =  12ao 

isolines  p/po  =  1,  1.5,  1.5  .  1.1,  1.5  •  1.1=.  The  scales  of  the  x-  and  y-axes  are 
equal. 

Figure  2  shows  Mach  reflection  of  the  DW  from  a  wedge  with  an  angle  of 
30®  at  L  =  4ao,  42ao,  and  64ao.  Here,  the  point  at  which  the  MS  adjoins  the 
incident  DW  front  is  denoted  by  S.  The  results  of  numerical  simulation  allow 
one  to  study  the  MS  structure  and  the  specific  features  of  its  growHi.  Although 
the  MS  is  an  overdriven  DW,  the  use  of  high-order  schemes  made  it  possible  to 
resolve  its  multifront  structure.  At  the  initial  stage  of  MS  formation,  where  the 
MS  height  h  is  smaller  than  a.o,  it  is  an  unsteady  overdriven  section  of  the  cellular 
DW  front.  This  part  of  the  DW  front  is  not  normal  to  the  wedge  surface.  As  the 
MS  grows,  its  own  system  of  transverse  DWs  is  developed  on  it,  thus  producing 
a  multiheaded  overdriven  detonation  front.  The  surface  of  this  front  is  rough. 
Nevertheless,  in  the  vicinity  of  the  wedge  surface  the  front,  on  average,  is  normal 
to  it.  Although  the  front  surface  is  uneven,  one  can  see  that  the  front  as  a  whole 
is  not  straight:  it  adjoins  the  incident  DW  front  in  quite  a  smooth  manner  (see 
Figs.  2b  and  2c).  The  results  obtained  agree  qualitatively  with  the  data  of  [6-8]. 
Thus,  Fig.  2  shows  how  a  cellular  steady  (on  average)  MS  is  formed  from  the 
initially  unsteady  MS.  This  problem  was  studied  experimentally  in  [6]. 

In  experiments,  the  triple  point  trajectory  is  determined  from  soot  imprints. 
For  adequate  comparison  of  numerical  simulation  with  the  experimental  data  the 
MS  height  h  is  defined  here  as  the  distance  normal  to  the  wedge  surface  from 
the  inflection  point  of  the  DW  front  (points  5  in  corresponding  plots)  to  the 
wedge.  Figure  3  shows  a  triple  point  trajectory  in  coordinates  normalized  to  the 
detonation  cell  width  ao  for  the  wedge  angle  of  30®,  curve  I.  It  is  clearly  seen  that 
the  triple  point  motion  has  a  fluctuating  character  due  to  the  action  of  transverse 
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Figure  2  Mach  reflection  of  a  multifront  DW 
for  po  =  0.2  bar,  To  =  298.15  K,  and  wedge  angle 
of  30°;  L  =  4ao  (a),  42ao  (6),  and  64ao  (c) 


DWs,  coming  from  the  side  of 
the  incident  front,  and  MS  own 
transverse  waves.  The  same 
behavior  of  the  triple  point  was 
observed  in  [3,  4],  Curve  2  in 
Fig.  3  shows  the  experimen¬ 
tal  results  of  these  investi¬ 
gations  at  a  wedge  angle  of 
30°.  Unfortunately,  this  result 
was  averaged  by  the  authors 
over  many  experiments,  dif¬ 
ferent  mixtures,  and  different 
initial  pressures.  Further  re¬ 
search  is  needed  to  explain  the 
quantitative  difference;  how¬ 
ever,  the  qualitative  behavior 
of  curves  1  and  2  shows  that 
the  triple  point  motion  is  not 
self-similar. 

Numerical  simulations  of  a 
two-dimensional  DW  [12,  13] 
have  revealed  that  initial  trans¬ 
verse  disturbances  are  needed 
to  form  a  multifront  structure 
of  the  wave  during  its  initi¬ 
ation.  Without  these  distur¬ 
bances,  a  planar,  steadily  prop¬ 
agating  DW  is  formed. 

To  clarify  the  influence  of 
the  detonation  cell  on  Mach 
reflection,  the  reflection  of  a 
planar  wave  was  simulated. 
Curve  S  in  Fig.  3  is  the  triple 
point  trajectory  for  this  case, 
the  wedge  angle  is  30°.  Fairly 
good  quantitative  agreement  of 
the  trajectories  is  seen  for  the 
cases  of  multifront  and  planar 
DW  reflection. 

Figure  4  shows  the  struc¬ 
ture  of  Mach  reflection  of  a  pla¬ 
nar  DW  at  T  =  4ao  and  42ao* 
One  can  see  that  a  system  of 
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Figure  3  Triple  point  trajectories  for  po  =  0.2  bar,  To  =  298.15  K,  and  wedge  angle 
of  SO*':  curve  1  refers  to  the  multifront  DW,  2  to  the  experimental  data  [3,  4],  3  to  the 
planar  DW,  7  to  the  planar  DW  in  the  model  mixture,  8  to  the  multifront  DW  in  the 
model  mixture,  and  9  to  the  multifront  DW  with  a  small  parameter  gradient  in  the 
rarefaction  wave;  for  a  wedge  angle  of  50®:  curve  4  refers  to  the  multifront  DW,  5  to 
the  planar  DW,  and  6  to  the  nonreacting  shock  wave  with  CJ  detonation  velocity 


transverse  waves  is  again  developed  on  the  MS,  under  the  action  of  these  waves 
the  triple  point  motion  has  also  a  pulsating  character. 

Curves  4  and  5  in  Fig.  3  are  triple  point  trajectories  for  the  reflection  of  cel¬ 
lular  and  planar  DWs,  respectively,  from  the  wedge  with  an  angle  of  50®,  These 
curves  clearly  demonstrate  the  existence  of  the  ultimate  MS  height.  Comparing 
curves  1  and  3  with  4  and  5  one  concludes  that  this  ultimate  height  depends  on 
the  wedge  angle.  This  is  in  line  with  the  experimental  data  [3,  4]. 

To  be  sure  that  the  non-self-similarity  of  the  triple  point  motion  is  not  a  result 
of  some  specific  features  of  the  numerical  method  used,  a  control  calculation  was 
performed.  A  pseudosteady  Mach  reflection  [11]  of  a  nonreacting  planar  shock 
wave  in  a  2H2-f02  mixture  at  po  =  0.2  bar  with  zero  gradients  of  the  parameters 
behind  the  front  was  simulated.  The  shock  wave  velocity  was  equal  to  the  CJ 
detonation  velocity  of  this  mixture.  The  wedge  angle  was  50®.  The  straight 
line  6  in  Fig,  3  clearly  shows  the  self-similar  MS  behavior. 

Figure  5  illustrates  the  flow  patterns  at  different  time  instants  for  the  reflec¬ 
tion  of  a  multifront  DW  from  a  wedge  with  a  critical  angle  of  52®.  The  triple 
point  trajectories  tracing  out  the  detonation  cell  are  displayed  at  the  top.  These 
time  instants  correspond  to  those  in  Fig.  2a  from  [13],  where  the  entire  cycle 
of  motion  of  the  transverse  waves  from  their  collision  on  the  detonation  cell 
axis  to  the  next  collision  in  the  freely  propagating  DW  is  traced.  The  compari¬ 
son  shows  that,  within  this  section  of  the  front,  propagation  conditions  without 
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perturbations  caused  by  the 
wedge  are  provided.  In  the  crit¬ 
ical  regime  of  reflection,  a  pe¬ 
riodic  appearance  and  disap¬ 
pearance  of  the  MS  is  seen  at 
the  lower  part  of  the  DW  front. 
This  is  caused  by  the  transverse 
waves  coming  from  the  unper¬ 
turbed  incident  DW  front  and 
by  a  change  in  the  curvature 
of  the  front  section  impinging 
the  wedge.  At  angles  close  to 
the  critical  angle,  a  similar  be¬ 
havior  of  the  MS  was  observed 
in  [3,  4].  The  wedge  angle  is 
assumed  to  be  critical  if,  after 
reflection  from  this  wedge,  the 
MS  persists  during  the  half¬ 
period  of  motion  of  the  trans¬ 
verse  waves  within  the  detona¬ 
tion  cell. 

The  critical  wedge  angle  in 
the  case  of  a  planar  DW  lies  be¬ 
tween  50®  and  51®.  It  is  worth 
noting  that  the  flow  analysis  by 
the  shock  polar  method  [11] 
of  nonreacting  shock  wave 
(curve  6  in  Fig.  3)  yields  the 
critical  wedge  angle  of  50®  17'. 

For  the  same  mixture  at  the 
same  pressure  po?  the  numeri- 
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Figure  4  Mach  reflection  of  the  planar  DW  for 
po  ~  0.2  bar,  To  =  298.15  K,  and  wedge  anglfe  of 
30®.  L  =  4ao  (a)  and  42ao  (6) 


cal  simulation  [7]  yields  a  crit¬ 
ical  angle  equal  to  50®;  the  experimental  values  of  the  critical  angle  are  45®  [6], 
40  ±  1  [3,  4],  48®  ±  2®  [2],  and  40®-45®  [1].  The  data  presented  demonstrate 
good  quantitative  agreement  between  the  numerical  simulations  and  experimen¬ 
tal  results.  The  scatter  in  available  experimental  data  and  their  difference 
from  the  numerical  data  call  for  further  experimental  and  theoretical  investi¬ 
gations. 


The  elTect  of  parameter  gradients  in  the  heat  release  zone  on  the  Mach  reflec¬ 
tion  of  the  DW  was  also  studied.  DW  diffraction  on  the  wedge  was  numerically 
simulated  for  a  2H2  +  O2  model  mixture.  The  rate  of  chemical  reactions  in  the 
model  was  reduced  three-fold.  For  this  purpose,  the  constants  A2  and  A'+  in 
the  equation  for  [19]  were  reduced  three  times.  The  detonation  velocity  and 
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Figure  5  Critical  reflection  regime  of  the  multifront  DW  for  po  =  0.2  bar,  To  - 
298.15  K,  and  wedge  angle  of  52° 


parameters  at  the  CJ  point  remained,  naturally,  the  same.  If  one  defines  the 
length  of  the  main  heat  release  zone  as  a  distance  at  which  the  flow  parameters 
change  their  values  from  those  in  the  induction  zone  to  those  at  the  CJ  point, 
the  three-fold  reduction  in  the  constants  increased  the  length  of  this  region  ap¬ 
proximately  2.5  times.  Thus,  the  gradients  of  parameters  behind  the  induction 
zone  decreased.  Curve  7  in  Fig.  3  is  the  triple  point  trajectory  evaluated  for  the 
reflection  of  a  planar  DW  in  this  model  mixture  from  the  wedge  with  an  angle 
of  30°.  A  significant  increase  in  the  MS  height  h  is  seen.  The  value  of  h  has  not 
yet  reached  its  ultimate  value  at  L/ao  ^  60.  For  this  wave,  the  critical  angle  lies 
between  49°  and  50°. 

Interestingly,  the  detonation  cell  size  Qq  evaluated  for  the  model  mixture  is 
the  same  as  for  the  normal  mixture  (Fig.  2a  [13]),  i.e.,  uq  =  0.6  cm.  Curve  8  in 
Fig.  3  is  the  triple  point  trajectory  for  the  reflection  of  a  cellular  DW  from  the 
wedge  with  an  angle  of  30°  in  the  model  mixture.  Similarly  to  curves  1  and  3, 
4  and  5,  curves  8  and  7  show  (with  the  accuracy  of  the  order  of  pulsation  in  h) 
that  the  cellular  structure  of  the  front  does  not  affect  the  Mach  reflection 
of  DW. 
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The  numerical  experiments  were  performed  for  the  case  where  the  wedge 
was  located  8.90  cm  away  from  the  left-hand  closed  end  of  the  channel.  To 
study  a  possible  effect  of  the  parameter  gradients  in  the  rarefaction  wave  be¬ 
hind  the  heat  release  zone  on  the  behavior  of  the  MS,  the  reflection  of  a  mul¬ 
tifront  DW  in  the  normal  mixture  at  the  30®-wedge,  located  29.815  cm  away 
from  the  left-hand  end  of  the  channel,  was  simulated.  Curve  9  in  Fig.  3  is 
the  triple  point  trajectory  for  this  case.  Comparison  of  curves  1  and  9  shows 
that  the  parameter  gradients  in  the  rarefaction  wave  do  not  affect  the  MS 
growth. 


5  CONCLUDING  REMARKS 

Presumably,  for  the  first  time,  the  non-self-similar  motion  of  the  triple  point,  the 
existence  of  the  ultimate  height  of  the  Mach  stem,  and  the  dependence  of  this 
height  on  the  wedge  angle  have  been  demonstrated  by  numerical  simulation  of 
the  DW  reflection.  These  results  are  in  line  with  the  experimental  data  reported 
in  [3,  4].  The  calculations  have  revealed  that  the  detonation  cell  size  does  not 
affect  the  triple  point  trajectory  and  affects  only  slightly  the  critical  wedge  angle. 
This  agrees  with  the  experimental  data  of  [6].  The  effect  of  the  parameter 
gradients  in  the  incident  DW  on  Mach  reflection  has  already  been  studied  in  [8] 
within  the  framework  of  a  simpler  DW  model.  The  present  study  reveals  a 
strong  dependence  of  the  Mach  stem  height  on  the  parameter  gradients  in  the 
heat  release  zone  (on  the  length  of  the  heat  release  zone).  The  effect  of  this 
parameter  on  the  critical  wedge  angle  has  been  found  to  be  weak.  It  is  shown 
that  the  parameter  gradients  in  the  rarefaction  wave  do  not  affect  the  Mach  stem 
behavior. 

As  is  well  known  from  the  theory  of  dynamic  similarity  and  dimensional  anal¬ 
ysis  [24] ,  the  problem  of  a  gas  flow  is  not  self-similar  if  it  involves  two  governing 
parameters  with  the  dimensions  of  length  and  time  or  these  parameters  can  be 
combined  from  other  quantitites  of  different  dimensions.  The  role  of  this  length 
scale  can  be  played  by  either  the  transverse  size  of  the  detonation  cell  uq  or  the 
length  of  the  DW  heat  release  zone.  The  present  study  has  indicated  that  this 
dimensional  parameter  is  the  length  of  the  heat  release  zone. 

The  DW  reflection  is  a  complex  physico-chemical  process.  Its  treatment  as 
the  reflection  of  a  chemically  equilibrium  shock  wave  with  Chapman- Jouguet 
parameters  at  the  front  and  zero  parameter  gradients  behind  it  is,  in  author’s 
opinion,  an  impermissible  simplification.  Within  the  framework  of  this  approach, 
analytical  models  [1,  5,  9]  yield  almost  identical  values  of  the  critical  angle, 
34^  ±  0.4®,  which  is  significantly  lower  than  the  experimental  data. 

The  critical  angle  determined  in  this  study  is  52® .  The  difference  between  this 
value  and  that  obtained  by  simulation  [7]  (critical  angle  of  50®)  can  be  related  to 
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the  chosen  kinetics  models  of  chemical  reactions  [12,  13].  All  the  available  exper¬ 
imental  data  [1-4,  6]  yield  a  lower  critical  angle  than  the  numerical  simulations 
of  [7]  and  the  present  study,  but  never  larger.  This  can  be  explained  as  follows. 
As  is  known,  the  critical  angle  of  the  wedge  is  determined  in  experiments  as  the 
instant  when  the  triple  point  trajectory  vanishes  in  the  soot  imprints.  The  track 
method  was  improved  to  provide  a  resolution  of  up  to  2  •  10  ^  mm  at  the  center 
of  the  sooted  plate  (see,  e.g.,  [25]).  This  resolution  is  unlikely  to  be  the  same  at 
the  plate  edge.  In  the  numerical  simulation  of  the  reflection  from  a  wedge  with 
the  critical  angle  (see  Fig.  5),  the  maximum  height  of  the  periodically  appearing 
and  disappearing  Mach  stem  was  found  to  be  approximately  0.7  mm.  If  this 
value  is  not  recorded  in  the  experiment,  one  can  conclude  that  the  DW  reflec¬ 
tion  from  this  wedge  is  regular.  In  this  case,  the  smallest  angle  at  which  the 
Mach  stem  height  exceeds  the  resolution  of  the  soot  track  method  in  the  specific 
experiment  will  be  used  as  a  critical  angle.  This  is  a  reason  of  poor  accuracy  in 
determining  the  critical  angle  value  and  of  a  large  scatter  in  the  experimental 
data  [1-4,  6]. 
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Recently,  there  has  been  intense  interest  in  pulse  detonation  engines 
(PDEs).  Although  it  is  highly  desirable  that  PDEs  use  combustible 
fuels  which  have  already  been  approved  by  the  aviation  industry,  the 
resulting  fuel— air  mixtures  are  difficult  to  detonate.  One  means  of  ini¬ 
tiating  these  mixtures  is  via  the  use  of  a  “predetonator”  or  “driver” 
tube  which  is  filled  with  highly  detonable  fuel-oxygen  mixture.  Spark 
ignition  of  this  mixture  leads  to  a  detonation  wave  which  can  then  be 
used  to  initiate  the  fuel-air  detonation  in  the  main  combustion  chamber. 
It  is  desirable  to  keep  the  size  of  the  driver  to  a  minimum  for  reasons 
of  safety  and  performance,  so  the  efficiency  of  transmission  from  the 
driver  to  the  combustion  chamber  is  extremely  important.  This  paper 
examines  the  efficiency  of  detonation  transmission  from  a  tube  to  an 
unconfined  region  when  a  circular  orifice  plate  or  a  tube  bundle  are  lo¬ 
cated  in  the  tube  exit.  Transmission  from  a  tube  to  a  cylindrical  gap  is 
also  investigated.  In  all  cases,  the  test  volume  contains  a  uniform  com¬ 
bustible  mixture.  Numerical  calculations,  together  with  experimental 
results,  show  that  transmission  is  greatly  enhanced  in  some  geometries 
due  to  local  regions  of  very  high  energy  density  created  by  shock  re¬ 
flections  or  implosions.  The  critical  conditions  for  the  above- described 
geometries  are  determined  in  field  experiments  using  fuel-air  mixtures 
and  laboratory  experiments  using  fuel-oxygen  mixtures.  The  results  in¬ 
dicate  that  transmission  through  an  annular  orifice  or  to  a  cylindrical 
gap  is  extremely  efficient.  The  critical  diameter,  required  for  trans¬ 
mission  can  be  as  much  as  2.2  to  2.4  times  smaller  than  the  critical  tube 
diameter,  for  a  given  mixture.  The  lessons  learned  from  this  study 
should  be  useful  in  the  design  of  initiation  schemes  for  PDEs. 


1  INTRODUCTION 

There  has  recently  been  intense  interest  in  pulse  detonation  engines  (PDEs) 
which  generate  thrust  via  a  cyclical  detonation  process.  From  a  practical  per- 
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spective,  it  is  highly  desirable  that  PDEs  use  combustible  fuels  which  have  al¬ 
ready  gained  acceptance  by  the  aviation  industry  (e.g.,  JP-10  or  Jet-A).  One 
problem  with  these  fuels  is  that  the  corresponding  fuel-air  mixtures  are  rela¬ 
tively  insensitive  to  detonation. 

The  relative  detonation  sensitivity  of  a  combustible  mixture  can  be  character¬ 
ized  by  “macroscopic”  detonation  parameters  such  as  the  critical  energy,  Ec,  for 
direct  initiation  of  detonation  in  a  particular  geometry,  the  critical  tube  diame¬ 
ter,  dc,  for  the  transmission  of  detonation  from  a  tube  to  an  unconfined  space,  or 
the  run-up  distance,  xddTj  ^^t  which  a  weakly-ignited  deflagration  in  a  particu¬ 
lar  tube  transits  to  detonation.  Alternatively,  the  detonability  can  be  expressed 
in  terms  of  “microscopic”  detonation  parameters  including  the  induction-zone 
length.  A,  or  the  cell  size.  A,  characteristic  of  the  transient,  three-dimensional 
detonation  front. 

Direct  initiation  of  detonation  by  a  powerful  electrical  igniter  would  be  im¬ 
practical  for  a  PDE  employing  aviation  fuels.  Akbar  ei  al.  [1]  have  recently 
reported  that  the  detonation  cell  size  for  stoichiometric  JP-10  vapour  and  air 
at  atmospheric  pressure  and  a  temperature  of  135  is  about  5  cm.  This  cell 
size  indicates  that  JP- 10-air  mixture  is  approximately  equal  in  sensitivity  to 
propane-air  mixture  [2]  which  has  a  critical  charge  mass  for  spherical  initia¬ 
tion  of  about  50  grams  of  tetryl  [3].  Weak  ignition  followed  by  deflagration- 
to-detonation  transition  (DDT)  would  not  appear  to  be  a  practical  option  for 
JP-lO-air  mixture  either.  The  recent  work  of  Higgins  ei  al  [4],  for  example,  has 
shown  that  the  transition  distance  for  stoichiometric  propane-air  mixture  in  a 
15-centimeter  diameter  closed  tube,  fitted  the  full  length  with  DDT-enhancing 
obstacles,  is  on  the  order  of  a  few  meters. 

These  investigators  also  demonstrated  that  the  transition  distance  can  be  re¬ 
duced  by  either  elevating  the  initial  pressure,  enriching  the  mixture  with  oxygen, 
or  replacing  a  significant  amount  of  the  propane  fuel  with  acetylene.  However, 
a?DDT  was  found  to  be  greater  than  1.5  m  in  every  case.  Significant  run-up  dis¬ 
tances  have  been  the  cause  of  poor  performance  in  several  PDE  investigations 
employing  fuel-oxygen  [5-12]  and  fuel-air  [5,  13,  14]  mixtures.  It  is  possible  to 
sensitize  liquid  fuels  by  adding  nitrates  [15]  or  peroxides  [16],  or  by  saturating 
the  fuel  with  detonable  gases  such  as  acetylene  or  ethylene  [17].  It  has  also  been 
shown  that  combustible  mixtures,  once  formed,  can  be  further  sensitized  by  in¬ 
jecting  halogens  [18]  or  hot  free  radicals  [19-21].  However,  considerable  work 
would  have  to  be  done  before  these  methods  could  be  implemented  in  a  practical 
PDE. 

One  initiation  scheme  receiving  considerable  attention  within  the  PDE  com¬ 
munity  involves  the  use  of  a  “predetonator”  or  “driver”  tube  [6,  7,  22-36].  In  this 
concept,  a  detonation  is  first  formed  in  a  sensitive  fuel-oxygen  mixture  by  spark 
ignition  followed  by  rapid  DDT.  The  established  wave  is  then  used  to  initiate 
the  less  sensitive  fuel-air  mixture  contained  in  the  main  combustion  chamber. 
Ting  ei  al  [24]  have  reported  that  DDT  in  propane-oxygen  occurs  within  a  few 
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centimeters  in  a  15-centimeter  diameter  tube  and  that  the  resulting  detonation  is 
capable  of  promptly  initiating  in  a  propane-air  detonation  mixture  separated  by 
a  Mylar  diaphragm  in  the  same  diameter  of  tube,  although  the  precise  distance 
required  for  the  propane-air  detonation  to  establish  is  not  given.  This  result 
suggests  that  a  predetonator  approach  could  be  successfully  implemented  in  a 
JP-10  fuelled  engine,  depending  on  the  operating  pressure  and  temperature  and 
the  size  of  the  combustion  chamber. 

It  is  desirable  from  both  a  safety  and  performance  point  of  view  to  keep  the 
volume  of  the  predetonator  as  small  as  possible.  A  recent  performance  anal¬ 
ysis  by  Bussing  and  co-workers  [26,  27]  has  shown  that  a  fuel-oxygen  driver 
accounting  for  only  1%  of  the  total  combustion  chamber  volume  will  result  in 
a  22%  reduction  in  specific  impulse  due  to  the  mass  of  the  additional  hardware 
and  oxidizer,  and  the  short-duration  thrust  profile  resulting  from  the  higher 
temperature  detonation  products.  Accordingly,  the  diameter  of  any  practical 
predetonator  will  have  to  be  considerably  smaller  than  that  of  the  main  combus¬ 
tion  chamber.  Thus,  the  efficiency  of  transmission  from  the  driver  tube  to  the 
chamber  will  be  an  important  issue.  Very  little  attention  has  been  paid  to  this 
aspect  of  PDE  design.  Most  previous  transmission  studies  have  been  conducted 
by  the  hazard  prevention  or  defence  preparedness  communities  where  the  focus 
is  on  preventing  the  transmission  of  detonation. 

One  means  of  promoting  transmission  is  to  increase  the  power  of  the  driver. 
The  recent  critical  transmission  experiments  at  atmospheric  pressure  by  Schultz 
and  Shepherd  [37]  have  shown  that  initiation  of  a  nitrogen-diluted  fuel-oxygen 
mixture  in  a  large  vessel  is  more  readily  accomplished  by  a  driver  containing  undi¬ 
luted  fuel-oxygen  mixture  rather  than  the  same  diluted  test  gas.  In  the  case  of 
propane  fuel,  for  example,  the  critical  for  transmission  from  a  38-millimeter 
tube  containing  propane-oxygen  mixture  to  a  mixture  of  Calls  +  5(02  +  /^oNa) 
was  0.74,  where  /?o  =  [N2]/[02].  Critical  conditions  were  given  by  =  0.58 
when  the  tube  and  chamber  were  filled  with  the  same  nitrogen-diluted  mix¬ 
ture.  The  corresponding  critical  values  of  D/A  were  approximately  12  and  21, 
respectively,  where  A  is  the  cell  size  for  the  mixture  being  initiated.  Thus,  the 
fuel-oxygen  driver  was  capable  of  initiating  a  considerably  less  sensitive  mix¬ 
ture.  Helman  ti  aL  [6],  who  were  the  first  to  demonstrate  the  predetonator  con¬ 
cept  using  an  ethylene-oxygen  mixture  to  initiate  ethylene-air  mixture,  noted 
that  “overfilling”  the  driver  (i.e.,  so  that  ethylene-oxygen  issued  from  the  tube 
into  the  surrounding  ethylene-air  mixture)  was  a  means  of  further  improving 
performance.  However,  the  extent  to  which  the  tube  was  overfilled  was  not 
revealed. 

A  second  means  of  promoting  transmission  is  to  temper  the  severity  of  the 
gasdynamic  expansion.  Murray  and  Moen  [38],  for  example,  have  shown  that 
a  detonation  wave  in  a  channel  can  more  easily  transmit  to  a  large  chamber 
through  a  mildly  diverging  transition  section  rather  than  an  abrupt  area  change. 
Gubin  ei  al.  [39]  conducted  similar  experiments  and  reported  that  transmission 
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can  occur  in  a  continuous  fashion  or  by  way  of  detonation  failure  followed  by 
reinitiation. 

Shock  reflection  and  focusing  techniques  provide  a  third  means  of  enhancing 
transmission.  Liu  et  al.  [40]  investigated  transmission  through  a  variety  of  orifice 
shapes  including  circular,  ellipsoidal,  triangular,  and  rectangular.  However,  only 
minor  differences  were  identified  due  to  the  fact  that  the  blast  waves  generated 
through  these  orifices  are  quite  similar  in  that  they  expand  and  decay  without 
generating  strong  reflected  shocks  or  implosions.  In  contrast,  Vasil’ev  [41]  studied 
transmission  from  parallel  channels  and  from  three  or  six  equally  spaced  orifice 
holes  arranged  on  a  pitch  circle.  It  was  found  that  shock  collisions  lengthened 
the  overall  energy  liberation  time,  resulting  in  the  distributed  initiation  source 
being  much  more  effective  than  a  single  orifice  for  the  same  overall  exit  area.  The 
importance  of  shock  focusing  on  ignition  and  initiation  has  been  emphasized  by 
several  Russian  [42-44]  and  Canadian  [45,  46]  studies  in  which  shock  waves  were 
reflected  from  two-dimensional  corners  or  from  spherical,  cylindrical,  or  conical 
end  plates.  Cylindrically-  and  spherically-imploding  detonation  waves  have  also 
been  investigated  [47,  48],  but  these  have  yet  to  be  assessed  for  their  utility  as 
an  initiation  source  for  less  sensitive  combustible  mixtures. 

In  the  present  paper,  alternate  transmission  geometries  in  which  reflection 
and  implosion  processes  dominate  the  gasdynamicflow  downstream  of  the  driver 
tube  exit  are  considered.  The  energy  distribution  associated  with  these  geome¬ 
tries  is  highly  nonuniform  due  to  local  regions  of  high  energy  density  created  by 
shock  collisions.  The  aim  of  this  study  is  to  determine  the  role  played  by  these 
local  “hot  spots”  on  the  overall  efficiency  of  transmission,  and  to  quantify  the 
degree  of  enhancement  possible  in  the  various  geometries. 


2  PROPOSED  GEOMETRIES 

FOR  ENHANCED  TRANSMISSION 


Three  geometric  configurations  believed  to  be  effective  at  promoting  detonation 
transmission  are  shown  schematically  in  Fig.  1.  The  driver  tube  is  of  circular 
cross-section  in  all  cases.  A  circular  orifice  plate  and  a  tube  bundle  are  placed 
flush  with  the  exit  of  the  tube  in  Figs.  la  and  U,  respectively.  Transmission  to 
a  cylindrical  gap  is  shown  in  Fig.  Ic.  These  geometries  were  selected  for  study 
because  they  promote  strong  shock  reflections. 

Numerical  simulations  have  been  carried  out  to  illustrate  the  salient  features 
of  the  shock  reflection  and  reinitiation  processes  in  the  various  geometries.  All 
calculations  were  two-dimensional,  axisymmetric  in  nature  and  were  performed 
using  a  second-order  Godunov-type  explicit  scheme  implemented  in  the  IFSAS 
code  [49].  A  simple,  one-step,  Arrhenius  reaction  scheme  was  employed  with 
proper  values  of  the  preexponential  factor  k  and  activation  energy  E,  The  com- 
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Figure  1  Transmission  geometries  investigated  in  the  present  study:  (a)  annular 
orifice,  (6)  tube  bundle,  and  (c)  cylindrical  gap 


putations  were  performed  assuming  a  constant  specific  heat  ratio  7  =  1.4,  con¬ 
stant  molecular  mass  =  28.8  g/mole,  and  a  heat  release  Q  corresponding  to 
a  Mach  number  Mcj  =  5,  which  is  typical  for  fuel-air  mixtures.  Detonation  was 
initiated  at  the  beginning  of  the  driver  tube  which  was  open  to  avoid  reflected 
shocks. 

It  should  be  noted  that  all  numerical  calculations  described  below  remain 
strictly  qualitative  in  nature  due  to  the  assumptions  involved  in  the  reaction 
model.  This  is  particularly  true  considering  that  the  grid  resolution  is  insuf¬ 
ficiently  fine  to  properly  resolve  the  ZND  structure  of  the  detonation  front  or 
the  finer  details  of  the  shock  reflection  processes.  Furthermore,  it  is  far  too 
coarse  to  take  into  account  the  cellular  structure  of  the  detonation  or  many  of 
the  high-frequency  instabilities  which  can  play  an  important  role  in  the  onset  of 
detonation.  Indeed,  owing  to  the  three-dimensionality  of  the  cellular  detonation 
front,  a  complete  and  exact  modeling  of  the  transmission  process  remains  very 
difficult  at  the  present  time.  Consequently,  any  quantitative  evaluation  of  the 
critical  conditions  must  be  done  experimentally. 
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2.1  Annular  Orifice 

The  propagation  of  detonation  through  an  annular  orifice  (Fig.  la)  results  in 
the  transmission  of  an  expanding  toroidal  wave  which  eventually  implodes  along 
the  axis  of  symmetry.  Figure  2  shows  the  computed  results  for  an  annular 
orifice  having  an  open  area  ratio  a  =  \  —  {d/Do)‘^  =  0.44,  where  d  is  the 
diameter  of  the  central  blockage  and  Do  is  the  diameter  of  the  tube.  Both 
pressure  and  temperature  plots  have  been  included  to  illustrate  the  decoupling 
between  the  shock  and  reaction  zone  during  diffraction  and  the  subsequent  re¬ 
coupling  which  takes  place  in  the  event  of  successful  reinitiation.  If  Dq  is 
too  small  or,  equivalently,  if  the  rate  of  reaction  of  the  mixture  is  too  low, 
the  detonation  fails  to  transmit  as  illu.strated  in  Fig.  2a.  In  this  case,  an 
expanding  toroidal  wave  is  formed  (frame  No.  1)  which  implodes  downstream 
to  create  a  reacting  hot  spot  at  the  implosion  site  and  a  circular  Mach  stem 
further  downstream  (frame  No. 2).  The  latter  evolves  into  a  fully  reacting 
bubble  (frame  No.  3)  which  expands  ahead  of  the  neighbouring  incident  wave 
which,  by  this  time,  has  completely  decoupled  itself  from  the  trailing  reac¬ 
tion  zone.  Owing  to  the  small  diameter  of  the  tube  and  the  given  open  area 
ratio,  the  volume  and  lifetime  of  the  regions  of  high  energy  density  associ¬ 
ated  with  the  implosion  and  Mach  stem  are  too  small  to  allow  sufficient  en¬ 
ergy  release  to  maintain  the  strength  of  the  reacting  bubble.  As  shown  in 
Fig.  26,  if  the  rate  of  reaction  is  increased,  the  degree  of  reaction  behind  the 
expanding  bubble  is  higher  and  a  well-supported  detonation  bubble  develops 
(frame  No.  2)  which  eventually  evolves  into  a  self-sustained  detonation  wave 
(frame  No.  3). 

The  above-described  calculations  clearly  illustrate  the  important  role  played 
by  the  implosion  and  the  Mach  stem  in  the  distribution  of  energy  and  heat 
release  during  the  transmission  process.  The  role  of  the  orifice  is  to  determine, 
for  a  given  mixture,  the  relative  volume  of  these  regions  of  high  energy  density 
which  control  the  degree  of  reaction  within  the  expanding  bubble. 


2.2  Tube  Bundle 

The  tube  bundle  shown  in  Fig.  16  is  characterized  by  two  parameters;  the  ratio 
d/Do  between  the  tube  diameter  and  the  bundle  diameter,  and  the  overall  open 
area  ratio  which  depends  on  d/Do  and  the  number  of  tubes,  A,  in  the  bundle 
(i.e.,  a  =  N(dl Do)"^)’ 

In  the  limit  of  very  small  open  area  ratio,  the  transmission  process  is  con¬ 
trolled  by  the  gasdynamic  expansion  associated  with  individual  tubes.  In  this 
case,  interaction  between  the  waves  emerging  from  the  tubes  is  minimal  prior 
to  the  onset  of  detonation  and  successful  transmission  from  the  bundle  occurs  if 
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Figure  2  Pressure  and  temperature  profiles  from  numerical  computations  showing 
detonation  transmission  and  failure  to  transmit  through  an  annular  orifice.  Do  = 
6  cm,  a  =  0.44,  7  =  1.4,  =  28.8  g/mole,  Q  =  1.445  MJ/kg,  E  =  4.30  MJ/kg, 

computational  cell  =  1x1  mm.  (a)  A:  =  6  x  10®  s“^  (failure).  (6)  A:  =  3  x  10^  s~^ 
(successful  transmission).  (Refer  color  plate.) 
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the  diameter  of  individual  tubes  is  larger  than  the  critical  tube  diameter  for  the 
combustible  mixture.  With  increasing  open  area  ratio,  the  interaction  between 
the  blast  waves  becomes  significant  and  eventually  contributes  to  the  overall 
transmission  process. 

A  qualitative  description  of  the  transmission  process,  based  partly  on  the  re¬ 
sults  for  the  annular  orifice,  can  be  offered.  Firstly,  one  might  expect  that  wave 
collisions  and  the  subsequent  formation  of  Mach  stems  will  result  in  local  regions 
of  high  energy  density  which,  in  turn,  can  lead  to  centers  of  rapid  exothermic 
reaction.  The  reacting  bubbles  emanating  from  these  centers  will  themselves 
mutually  interact  to  form  a  very  nonuniform  reactive  flow  held.  If,  near  critical 
conditions,  the  overall  degree  of  reaction  in  this  how  held  is  sufficiently  high, 
one  might  then  expect  that  detonation  transmission  from  the  tube  bundle  will 
be  controlled  by  the  large-scale  expansion  associated  with  the  bundle  diameter 
rather  than  that  of  the  individual  tubes.  In  this  case,  successful  transmission 
will  occur  when  the  bundle  diameter  is  comparable  in  magnitude  to  the  criti¬ 
cal  tube  diameter  for  the  mixture.  It  is  therefore  possible  to  obtain  detonation 
transmission  although  the  tubes  themselves  are  much  smaller  than  dc-  Natu¬ 
rally,  if  d/Do  becomes  too  small,  detonation  failure  may  occur  inside  the  tubes 
due  either  to  boundary  layer  effects  [50]  or  the  fact  that  the  tubes  are  too  small 
to  accommodate  single-head  spin  [51,  52].  If  this  happens,  the  onset  of  detona¬ 
tion  in  the  unconhned  region  is  unlikely  unless  DDT  occurs  downstream  of  the 
bundle. 

Although  the  complex  three-dimensional  and  collective  nature  of  these  inter¬ 
actions  makes  a  full  numerical  simulation  of  the  problem  virtually  impossible, 
the  essential  features  of  the  transmission  process  can  be  appreciated  from  the 
results  of  the  corresponding  two-dimensional  computations  employing  equally- 
spaced,  concentric,  annular  slits,  rather  than  tubes.  Typical  results  are  shown 
in  Fig.  3  for  an  open  area  ratio  o  =  0.57  and  an  annular  slit  size  d/Do  ==  0.067. 
Again,  both  pressure  and  temperature  contour  plots  are  included.  In  the  case  of 
failure  of  transmission  from  the  simulated  bundle  (Fig.  3a),  the  shock  collisions 
between  neighbouring  blast  waves  are  simply  too  weak  to  reinitiate  the  failed 
wavelets  from  the  individual  slits.  However,  when  the  mixture  reaction  rate  is 
increased  for  the  same  geometric  conditions,  as  shown  in  Fig.  36,  these  shock 
collisions  lead  to  reinitiation  sites  which  grow  into  self-sustained  reacting  bub¬ 
bles  (frame  No.  1).  These  bubbles  collide  as  they  expand  and  eventually  lead  to 
a  coherent  detonation  front  (frame  No.  3). 


2.3  Cylindrical  Gap 

The  process  of  detonation  wave  transmitting  from  a  tube  to  a  cylindrical  gap 
defined  by  two  parallel  plates  (Fig.  Ic)  begins  with  the  wave  diffracting  around  a 
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Figure  3  Pressure  and  temperature  profiles  from  numerical  computations  showing 
detonation  transmission  and  failure  to  transmit  through  a  two-dimensional  tube  bundle. 
Do  ==  6  cm,  a  =  0.57,  y  =  1.4,  =  28.8  g/mole,  Q  =  1.445  MJ/kg,  E  =  4.30  MJ/kg, 

computational  cell  =  1x1  mm.  (a)  A:  =  6  x  10®  s“^  (failure).  (6)  A;  =  3  x  10®  s"^ 
(successful  transmission).  (Refer  color  plate.) 
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FigurG  4  Density  profiles  from  numerical  computations  showing  detonation  trans¬ 
mission  anf.  failure  to  transmit  to  a  cylindrical  gap.  Do  =  4  cm,  w/ Do  —  0.6,  7  =  1.4, 
Mu,  =  28.8  g/mole,  Q  =  1.445  MJ/kg,  E  =  4.30  MJ/kg,  computational  cell  =  1x1  mm. 
(a)  it  =  8  X  10*  s”’  (failure);  (b)  k  =  5  x  10®  s"'  (successful  transmission).  (Refer 
color  plate.) 
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sharp  90''  corner.  As  it  emerges  from  the  tube,  the  wave  is  initially  threatened  by 
the  inward  propagating  rarefaction  wave  originating  at  the  area  change.  When 
the  gap  width,  w,  is  large  in  comparison  with  the  tube  diameter,  Dq,  reini¬ 
tiation  is  characterized  by  the  formation  of  one  or  more  explosion  nuclei  well 
before  the  wave  interacts  with  the  wall  opposite  the  tube  exit.  Subsequently, 
detonation  bubbles  evolving  from  these  nuclei  propagate  both  ahead  into  the 
unburned  gas  and  transversely  through  the  compression-heated  gas  bounded  by 
the  diffracted  shock  and  decoupled  reaction  zone.  This  “spontaneous”  form  of 
reinitiation  during  transmission  to  an  unconfined  region  is  well  documented  in 
the  literature  [53-55]. 

As  the  gap  width  is  reduced  for  the  same  mixture  sensitivity,  a  point  will 
be  reached  where  insufficient  time  is  available  for  these  explosion  nuclei  to  form. 
Alternatively,  this  spontaneous  form  of  reinitiation  may  not  occur  if  the  mix¬ 
ture  sensitivity  is  reduced.  Under  either  set  of  conditions,  the  diffracted  wave 
will  reflect  from  the  wall  opposite  the  tube  exit.  The  results  of  numerical  cal¬ 
culations  illustrating  this  transmission  phenomenon  are  presented  in  the  form 
of  density  contour  plots  in  Fig.  4.  It  can  be  seen  in  Fig.  4a  that  a  cylindrical 
detonation  bubble  propagates  radially  outward  along  the  wall  following  the  re¬ 
flection  (frame  No.  2).  If  the  gap  is  too  small  or,  equivalently,  if  the  mixture 
is  too  insensitive,  this  bubble  will  be  unable  to  sustain  itself  in  the  presence  of 
the  gasdynamic  expansion.  The  reaction  zone  will  eventually  decouple  from  the 
cylindrical  shock  (frame  No.  3)  and  transmission  will  fail.  If  the  mixture  sensitiv¬ 
ity  is  increased  for  the  same  geometric  configuration,  the  cylindrically  expanding 
bubble  is  able  to  cope  with  the  expansion  and  it  evolves  into  a  self-sustained  deto- 
native  Mach  stem,  as  shown  in  frame  No.  2  of  Fig.  4b.  The  expanding  wave,  a 
portion  of  which  propagates  transversely  through  the  shock-heated  gas  bounded 
by  the  diffracted  shock  and  trailing  reaction  zone,  subsequently  reflects  from 
the  opposite  wall  leading  to  an  overdriven  detonative  Mach  stem  (frame  No.  3). 
Eventually,  the  reflected  waves  dampen  and  the  cylindrical  detonation  settles 
down  to  its  Chapman- Jouguet  state. 

In  the  case  of  detonation  transmission  through  an  annular  orifice,  the  region 
of  high  energy  density  was  created  by  the  implosion  of  the  toroidal  wave  on  the 
tube  axis.  In  this  geometry,  it  is  the  reflection  of  the  diffracted  wave  from  a  wall 
that  creates  the  region  of  high  energy  density. 


3  EXPERIMENTAL  DETAILS  AND  RESULTS 

3.1  Annular  Orifice 

Critical  conditions  for  transmission  of  fuel-air  detonations  through  an  annular 
orifice  were  determined  using  a  large  facility  located  at  Raufoss  in  Norway.  The 
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apparatus  consisted  of  a  series  of  tubes  of  15-meter  overall  length  and  having 
a  final  exit  diameter  of  0.64  m,  connected  to  a  large  plastic  bag  2  m  in  diam¬ 
eter.  Circular  plates  of  various  diameters  were  inserted  at  the  exit  of  the  tube 
to  form  annular  orifices  with  open  area  ratios  ranging  from  0.15  to  0.70.  The 
majority  of  experiments  employed  C2H2~nir  mixtures  prepared  using  a  recircu¬ 
lation  system.  The  fuel  concentration  was  monitored  by  a  precalibrated  infrared 
gas  analyzer.  Selected  trials  were  conducted  with  C2H4“air  mixtures  to  deter¬ 
mine  the  sensitivity  of  the  results  to  fuel  type.  Critical  conditions  for  a  given 
orifice  were  identified  by  varying  the  fuel  concentration  from  test  to  test.  The 
outcome  of  an  experiment  was  deduced  by  piezoelectric  pressure  transducers, 
located  both  upstream  and  downstream  of  the  orifice,  and  two  high-speed  cam¬ 
eras.  A  Hycam  (8,000-15,000  half-frames  per  second)  was  positioned  looking 
normal  to  the  direction  of  propagation,  while  a  Fastax  (3,000  full  frames  pei  sec¬ 
ond)  was  used  to  view  the  transmitted  wave  head-on  from  the  end  of  the  plastic 

...  ^ 

Small-scale  experiments  were  also  performed  with  stoichiometric  C2H2-O2 
mixtures,  with  and  without  argon  dilution,  and  with  stoichiometric  C3H8-O2 
mixtures,  all  at  subatmospheric  pressure.  The  laboratory  apparatus  consisted 
of  a  circular  tube,  5.2  cm  in  diameter,  attached  to  a  large  chamber  measur¬ 
ing  30  cm  in  diameter.  In  this  case,  the  mixtures  were  prepared  in  a  large  gas 
cylinder,  using  the  method  of  partial  pressures,  and  then  injected  into  the  ap¬ 
paratus.  Critical  conditions  for  a  given  orifice  were  obtained  by  varying  the 
initial  mixture  pressure.  Each  trial  was  monitored  using  six  pressure  transduc¬ 
ers;  four  in  the  tube,  one  at  the  end  of  the  chamber,  and  one  in  the  middle  of 
the  orifice  plate.  The  latter  gauge  was  useful  in  assessing  the  strength  of  the 
implosion. 

Successful  transmission  in  the  large-scale  experiments  could  be  determined 
by  examining  the  high-speed  films.  Figure  5  illustrates  the  implosion  process  for 
a  =  0.15.  In  this  case,  the  initial  toroidal  expansion  of  the  wave  (frames  No.  1  and 
No.  2)  is  followed  by  an  implosion  near  the  centre  of  the  orifice  plate  (frame  No.  3) 
and  the  rapid  formation  of  a  self-sustained  detonation  bubble  (frames  No.  4 
and  No.  5)  which  eventually  engulfs  the  entife  mixture  (frames  No.  6  through 
No.  8).  The  photographic  records  were  also  extremely  useful  in  studying  the 
transmission  phenomenon  near  criticality.  A  very  interesting  case  of  marginal 
transmission  failure  (not  shown)  was  observed  for  a  =  0.45.  The  implosion 
process  can  be  seen  in  early  frames  of  film  records  leading  to  intense  reaction 
in  two  distinct  regions.  The  first  region,  nearest  to  the  tube  exit,  corresponded 
to  the  initial  implosion,  while  the  second  region  further  downstream  was  part 
of  a  reacting  bubble  generated  by  the  Mach  stem.  This  picture  is  consistent 
with  the  numerical  simulations  in  Fig.  2a  for  a  nearly  identical  open  area  ratio. 
In  both  cases,  there  appears  to  exist  a  region  of  low  reactivity  behind  the  ex¬ 
panding  bubble  which  is  undoubtedly  responsible  for  the  eventual  failure  of  the 
wave. 
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Figure  5  Selected  frames  from  a  high-speed  cinematographic  record  showing  suc¬ 
cessful  transmission  from  a  0.64-meter  tube  through  an  annular  orifice  for  an  open  area 
ratio  a  =  0.15.  The  mixture  is  lean  acetylene-air.  Time  in  milliseconds.  (Refer  color 
plate.) 
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Open  area  ratio  a 


Figure  6  Annular  orifice  transmissibility  ^  as  a  function  of  open  area  ratio  a  for 
fuel-air  and  fuel-oxygen  mixtures. 


Having  obtained  the  critical  mixture  composition  for  transmission  through 
a  given  orifice,  the  corresponding  critical  tube  diameter,  dc,  was  determined  for 
that  mixture  using  the  critical  tube  data  and  correlations  reported  earlier  by 
Moen  ei  al  [56].  The  detonation  “transmissibility”  for  a  given  orifice  can  then 
be  characterized  by  the  parameter  /?  =  dc/Do,  where  Dq  is  the  outer  diameter  of 
the  orifice.  When  /?  >  1,  the  annular  orifice  enhances  detonation  transmission, 
whereas  transmission  is  impeded  when  /?  <  1.  Figure  6  shows  /?  as  a  function  of 
a  for  C2H2-air  mixtures. 

The  error  bars  are  based  on  neighbouring  cases  of  successful  transmission 
(“go”)  and  failure  to  transmit  (“no  go”).  The  results  indicate  that  transmission 
is  clearly  enhanced  for  a  >  0.2  with  a  /?  of  approximately  2.2  for  cv  =  0.3.  Trans¬ 
mission  is  impeded  for  o  <  0.2.  A  single  experiment  with  C2H4-air  suggests 
that  transmission  enhancement  for  this  system  is  similar.  The  data  from  the 
small-scale  experiments  using  stoichiometric  C2H2-O2  and  CaHg-O^  mixtures 
at  subatmospheric  pressures  show  the  same  qualitative  trend,  but  with  signifi¬ 
cantly  reduced  enhancement.  The  enhancement  is  reduced  even  further  when 
the  regularity  of  the  cellular  structure  is  increased  by  diluting  C2H2-O2  with 
argon.  An  explanation  for  this  is  offered  in  [51]. 
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Figure  2  Pressure  and  temperature  profiles  from  numerical  computations  showing 
detonation  transmission  and  failure  to  transmit  through  an  annular  orifice.  D^=6  cm,  a=0.44, 
7^1,4,  M^,  =  28.8  g/mole,  ^1.445  MJ/kg,  E  =  4.30  MJ/kg,  computational  cell  =  1x1  mm. 
{a)  kF=  6x10^  s“^  (failure),  (b)  b=  3x10^  s'^  (successful  transmission).  (Refer  p.  145) 
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Figure  3  Pressure  and  temperature  profiles  from  numerical  computations  showing  detonation 
transmission  and  failure  to  transmit  through  a  two-dimensional  tube  bundle.  0^=6  cm,  a=0.57, 
7=1.4,  =  28.8  g/mole,  Q=l.445  MJ/kg,  E  =^  4.30  MJ/kg,  computational  cell  =  1x1  mm. 

(a)  k=  6x10^  s'^  (failure),  (h)  3x10^  s'*  (successful  transmission).  (Refer  p.  147) 
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Figure  4  Density  profiles  from  numerical  computations  showing  detonation  transmission  and 
failure  to  transmit  to  a  cylindrical  gap.  Dq=4  cm,  w/Dq=0.6  cm,  7^1.4,  =  28.8  g/mble, 

2=1.445  MJ/kg,  E  =  4.30  MJ/kg,  computational  cell  =  1x1  mm.  (iz)  b=  8x10^  s'^  (failure); 
(/))  ^5x10^  s‘^  (successful  transmission).  (Refer  p.  148) 


Figure  5  Selected  frames  from  a  high-speed  cinematographic  record  showing 
successful  transmission  from  a  0.64-meter  tube  through  an  annular  orifice  for 
an  open  area  ratio  a=0.15.  The  mixture  is  lean  acetylene-air.  Time  in  milliseconds. 
(Refer  p.  151) 
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In  summary,  both  the  experimental  and  numerical  investigations  suggest  that 
transmission  of  detonation  through  an  annular  orifice  is  governed  by  two  compet¬ 
ing  processes.  Firstly,  there  is  an  overall  gasdynarhic  expansion  due  to  the  wave 
transmitting  from  planar  to  spherical  geometry.  This  effect,  which  weakens  the 
transmitted  wave  and  impedes  transmission,  may  be  expected  to  increase  as  the 
open  area  (or  the  net  flow  of  energy)  decreases  for  a  given  orifice  diameter  and 
mixture.  Secondly,  there  exists  an  energy  focusing  effect  due  to  the  implosion 
and  Mach  stem  which  enhances  transmission.  The  results  suggest  that  the  latter 
effect  becomes  dominant  for  intermediate  open  area  ratios,  typically  between  0.3 
and  0.7.  Hence,  although  the  presence  of  a  central  blockage  reduces  the  flow 
of  energy  through  the  orifice,  it  can  nevertheless  increase  the  overall  detonation 
transmissibility. 


3.2  Tube  Bundle 

Experiments  with  tube  bundles  were  performed  on  a  large  scale  using  fuel-air 
mixtures  and  on  a  small  scale  using  fuel-oxygen  mixtures  at  subatmospheric 
pressures.  The  large-scale  apparatus  and  procedures  were  similar  to  those  used 
for  the  orifice  experiments  except  that  a  3-meter  long  tube  bundle  was  now 
inserted  at  the  exit  of  the  tube  and  the  overall  tube  length  was  increased  to 
18  m.  Trials  were  performed  with  C2H2-air  mixtures  using  two  tube  bundle 
arrangements:  one  consisting  of  94  tubes  50  mm  in  diameter  (d/Do  =  0.079) 
with  a  =  0.49,  and  the  other  consisting  of  448  tubes,  15  mm  in  diameter  {d/Do  - 
0.0234)  with  a  =  0.25.  In  both  cases,  four  pressure  transducers  were  installed  in 
one  of  the  tubes  to  detect  possible  detonation  failure. 

Small-scale  experiments  were  carried  out  using  an  apparatus  consisting  of 
a  circular  tube,  4  m  in  length  and  76  mm  in  diameter,  connected  to  a  tube 
bundle,  50  cm  in  length  and  63  mm  in  diameter.  The  tube  bundle  protruded 
into  a  large  cylindrical  vessel.  The  bundle  consisted  of  74  closely  packed  tubes 
4.7  mm  in  diameter,  giving  d/Do  =:  0.075  and  a  =  0.41.  This  apparatus  was 
approximately  a  1/lOth  scale  version  of  the  large-scale  tube  bundle  employing 
50-millimeter  tubes.  Three  stoichiometric  mixtures  were  employed,  including 
C2H2-O2,  C2H2-O2  with  70%  argon  dilution,  and  C2H6-O2.  Critical  conditions 
were  again  determined  by  varying  the  initial  mixture  pressure.  Diagnostic  probes 
included  an  ionization  gauge  just  prior  to  the  tube  bundle  and  a  piezoelectric 
pressure  gauge  in  the  large  vessel.  The  vessel  was  also  fitted  with  a  window  to  al¬ 
low  spark  Schlieren  photography.  “Go”  and  “no  go”  conditions  were  determined 
from  the  difference  in  times  of  arrival  at  the  ionization  and  pressure  gauges.  By 
combining  these  data  with  distance-time  plots  constructed  from  photographic 
records,  average  wave  velocities  within  the  tube  bundle  could  also  be  inferred. 
These  velocities  permitted  the  fate  of  the  detonations  inside  the  tubes  to  be 
established. 
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Open  area  ratio  a 


Figure  7  Tube  bundle  transmissibility  ^  as  a  function  of  open  area  ratio  a  for  fuel-air 
and  fuel-oxygen  mixtures.  Small-scale  (J)  and  large-scale  (2)  annular  orifice  results  of 
Fig,  6  are  included  for  comparison 


Proceeding  in  a  manner  similar  to  that  for  the  annular  orifice,  the  results 
for  the  tube  bundle  can  be  summarized  in  terms  of  the  transmissibility  param¬ 
eter  /?,  as  shown  in  Fig.  7.  It  can  be  seen  that  the  transmissibilities  are  of  the 
order  of  unity  for  the  large-scale  tube  bundle  with  o  =  0.49  and  its  small-scale 
counterpart.  This  would  suggest  that,  due  to  a  high  degree  of  reaction  via  shock 
collision,  the  transmission  process  is  controlled  by  the  expansion  associated  with 
the  bundle  diameter  rather  than  that  of  the  individual  tubes.  In  the  particu¬ 
lar  cases  of  the  C2H2-air  and  C2H6-O2  trials,  the  presence  of  the  tube  bundle 
seems  to  have  enhanced  transmission  slightly.  With  the  possible  exception  of 
the  small-scale  C2H2-O2  results,  where  detonation  failure  may  have  occurred 
inside  the  tube  bundle  near  criticality,  the  critical  ‘‘no  go”  conditions  can  be 
clearly  attributed  to  transmission  failure  rather  than  propagation  failure  inside 
the  tubes.  For  the  case  of  the  smaller  open  area  ratio,  a  =  0.25,  detonation 
transmission  is  substantially  inhibited.  Even  in  this  case,  however,  the  critical 
tube  diameter  corresponding  to  the  critical  mixture  is  more  than  7  times  that  of 
the  individual  tubes,  indicating  that  a  significant  level  of  shock  interaction  must 
still  have  taken  place. 


154 


DETONATION:  FUNDAMENTALS  &  CONTROL 


3.3  Cylindrical  Gap 


Experiments  were  performed  using  equimolar  C2H2-O2  mixtures  at  sub- 
atmospheric  pressure.  The  apparatus  consisted  of  a  round  tube  1.83  m  long 
and  63.2  mm  in  diameter  connected  to  a  cylindrical  chamber  consisting  of  two 
circular  plates  separated  by  an  annular  spacer.  The  chamber  was  oriented  with 
its  axis  coincident  with  the  longitudinal  axis  of  the  tube.  The  cylindrical  gap 
width,  w,  was  varied  by  installing  annular  spacers  of  various  thicknesses.  Gap 
widths  of  6.3,  12.1,  24.7,  48.5,  and  70.8  mm  were  possible,  corresponding  to 
w/Dq  ratios  of  0.099,  0.191,  0.391,  0.767,  and  1.12,  respectively.  The  tube  could 
also  be  connected  to  a  large  cylindrical  vessel  to  investigate  transmission  to  an 
unconfined  region.  Three  pressure  transducers  were  installed  in  the  tube  just 
before  the  exit  to  the  chamber.  A  fourth  transducer  at  the  edge  of  the  chamber 
was  used  to  determine  whether  or  not  transmission  had  occurred.  The  structure 
of  the  detonation  wave  and  the  details  of  the  transmission  process  were  recorded 
using  smoked  Mylar  films.  Open-shutter  photography  was  used  in  trials  where 
the  gap  width  was  on  the  order  of  the  detonation  cell  size.  The  metal  plate  was 
replaced  by  a  transparent  plastic  plate  in  these  experiments  and  the  camera  was 
positioned  on  the  tube  axis  looking  normal  to  the  direction  of  propagation  in  the 
cylindrical  gap. 

Figure  8  shows  two  pairs  of  smoke  records  from  experiments  with  w/Dq  = 
0.391.  The  records  on  the  left  (Fig.  8a)  are  from  the  wall  surrounding  the 
tube  exit,  while  those  on  the  right  (Fig.  Sb)  are  from  the  wall  opposite  the 
tube  exit.  The  smoke  records  at  the  top  indicate  that  transmission  of  deto¬ 
nation  was  successful.  The  dark  annular  ring  apparent  in  the  top  left  smoke 
record  shows  the  locations  of  the  diffracted  shock  wave  and  trailing  reaction 
zone  at  the  instant  the  reinitiated  wave  arrives  at  the  wall  surrounding  the  tube 
exit.  The  symmetry  of  the  ring  is  due  to  the  fact  that  reinitiation  is  governed 
by  the  strong  reflection  process.  The  top  right  smoke  record  shows  a  core  of 
end- wall  writing  surrounded  by  ‘‘side- wall”  writing.  The  smoke  records  at  the 
bottom  show  failure  to  transmit.  Only  a  vague  and  ragged  outline  of  the  ring 
is  present  on  the  smoke  record  to  the  left.  The  corresponding  smoke  record 
from  the  opposite  wall  shows  a  core  of  end-wall  cellular  structure  surrounded 
by  side-wall”  writing  which  grows  rapidly  in  scale  with  increasing  radius  and 
terminates  abruptly.  In  this  test,  the  decay  of  the  cylindrical  Mach  stem  was 
too  rapid  for  chemical  reactions  to  remain  coupled  with  the  shock.  The  ra¬ 
tios  of  Do /A  for  these  two  experiments  are  approximately  34  and  11,  respec¬ 
tively. 

Within  the  bounds  of  experimental  error,  the  plate  spacing  is  seen  to  be  a 
constant  multiple  of  the  cell  size  under  critical  conditions.  Specifically,  the  com¬ 
puted  values  of  w/X  for  w/Dq  ratios  of  0.099,  0.191,  0.391,  0.767,  and  1.12,  are 
5.2,  5.6,  5.4,  6.1,  and  6.2,  respectively.  That  is,  w/X  =  5.7  ±  0.5  (i.e.,  ±9%) 
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Figure  8  Smoke  records  from  the  walls  surrounding  (o)  and  opposite  (6)  the  tube 
exit  in  the  cylindrical  gap  showing  successful  transmission  (top:  DjX  =  34)  and  failure 
to  transmit  (bottom:  DjX  =  11) 


for  all  gap  widths.  The  transmissibility  /?  is  plotted  against  wj Do  in  Fig.  9. 
The  correlation  for  critical  tube  diameter  as  a  function  of  initial  pressure  re¬ 
ported  by  Matsui  and  Lee  [57]  has  been  used  to  calculate  dc-  It  can  be  seen  that 
transmission  is  inhibited  for  u;/Do  <  0.42  and  enhanced  for  w/Dq  >  0.42.  The 
transmissibility  increases  to  nearly  2.4  for  the  largest  plate  spacing  investigated. 
Unfortunately,  the  limiting  plate  spacing  was  not  determined  in  the  present  ex¬ 
periments.  However,  in  the  limit  of  large  w/Dq,  the  transmissibility  must,  by 
definition,  tend  back  to  unity. 

Once  again,  it  can  be  seen  that  transmission  is  the  result  of  two  compet¬ 
ing  processes.  The  rapid  expansion  at  the  area  change  tends  to  inhibit  trans¬ 
mission,  while  the  shock  reflection  process  tends  to  enhance  transmission.  It 
is  evident  that  the  latter  factor  dominates  for  w/Dq  >  0.42  up  to  some  lim¬ 
iting  plate  spacing  where  the  diffracted  shock  exiting  the  tube  is  simply  too 
weak  to  reinitiate  the  failed  wave.  The  higher  values  of  transmissibility  can  be 
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attributed,  in  part,  to  the  expan¬ 
sion  being  cylindrical  versus  pseu- 
dospherical  in  the  case  of  the  annu¬ 
lar  orifice.  If  the  wave  in  the  cylin¬ 
drical  gap  is  ultimately  allowed  to 
transmit  into  an  unconfined  space, 
it  would  be  subjected  to  yet  a  sec¬ 
ond  cylindrical  expansion  at  the 
exit  of  the  gap.  In  essence,  this 
geometry  allows  the  wave  to  trans¬ 
mit  to  free  space  more  readily  by 
subjecting  it  to  a  pair  of  succes¬ 
sive  cylindrical  expansions  rather 
than  a  single  severe  spherical  ex¬ 
pansion. 

It  was  seen  in  the  annular  ori¬ 
fice  experiments  that  the  maxi¬ 
mum  transmissibility  for  fuel-air 
mixtures  was  considerably  higher 
than  that  for  fuel-oxygen  mixtures 


Normalized  gap  width  wID^ 


Figure  9  Cylindrical  pp  transmissibility  /? 
as  a  function  of  normalized  gap  width  w  j Do 
from  small-scale  fuel-oxygen  experiments 


(2.2  vs.  1.8).  Given  the  similarities  between  the  transmission  processes  in  the 
two  geometries,  a  similar  improvement  in  transmissibility  is  anticipated  if  fuel-air 
mixtures  are  tested  in  a  cylindrical  gap  configuration. 


4  CONCLUDING  REMARKS 

The  present  study  has  demonstrated  that  transmission  from  a  tube  can  be  sig¬ 
nificantly  enhanced  by  tailoring  the  geometry  in  the  vicinity  of  the  tube  exit 
so  that  strong  shock  reflections  or  implosions  are  generated  as  the  wave  exits 
the  tube.  The  regions  of  high  energy  density  created  by  these  shock  collisions 
lead  to  centres  of  exothermic  reaction  which  are  instrumental  in  sustaining  the 
evolving  detonation  bubble  until  it  exceeds  some  critical  size  necessary  for  its 
survival.  In  essence,  these  shock  collisions  behave  like  “miniexplosions”  capable 
of  overdriving  the  wave  until  the  gasdynamic  expansion  becomes  mild  enough 
for  the  wave  to  cope  with  it. 

The  detonation  “transmissibility”  has  been  found  to  be  a  useful  parameter  for 
characterizing  the  efficiency  with  which  a  detonation  wave  transmits  from  a  tube 
to  a  given  receptor  geometry.  This  parameter  is  defined  by  /?  =  dc/D^,  where 
is  the  critical  tube  diameter  for  the  mixture  being  tested  and  Dq  is  the  actual 
tube  diameter.  Defined  in  this  manner,  values  of  /?  greater  than  unity  indicate 
that  transmission  is  enhanced  relative  to  that  from  a  simple  tube,  while  values 
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less  than  unity  signify  that  transmission  is  inhibited.  In  the  present  annular 
orifice  experiments,  a  maximum  value  of  (3  =  2.2  was  observed  in  acetylene-air 
mixtures.  This  means  that  a  driver  tube  2.2  times  smaller  than  the  critical  tube 
diameter  can  be  used  to  initiate  detonation  in  the  unconfined  region  outside  of 
the  tube  when  the  appropriate  orifice  plate  is  present  at  the  exit.  The  optimum 
transmissibility  was  somewhat  lower  (/?  =  1.8)  for  the  corresponding  fuel-oxygen 
mixtures.  In  contrast,  tube  bundles  were  found  to  be  relatively  ineffective  at 
promoting  transmission. 

In  the  case  of  transmission  to  a  cylindrical  gap,  the  transmissibility  is  a 
function  of  w/Dq,  where  w  is  the  gap  width  and  Do  is  the  tube  diameter.  Ex¬ 
periments  employing  acetylene-oxygen  mixtures  have  shown  that  ^  =  2.4  for 
the  largest  gap  width  used  in  the  present  study  (ii;/Do  =  1-12).  Given  the  im¬ 
proved  performance  of  the  annular  orifice  when  fuel-air  rather  than  fuel-oxygen 
mixtures  were  used,  it  is  recommended  that  additional  tests  be  conducted  using 
fuel-air  mixtures  in  combination  with  the  cylindrical  gap  configuration.  It  is  also 
recommended  that  the  gap  width  be  further  increased  to  identify  the  maximum 
possible  transmissibility. 

Finally,  since  the  purpose  of  this  study  was  to  identify  various  means  of 
improving  fuel-oxygen  predetonator  tubes  used  in  PDEs,  it  is  recommended 
that  field  experiments  be  conducted  in  which  the  tube  is  filled  with  fuel-oxygen 
mixture  and  the  receptor  volume  contains  fuel-air  mixture. 
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CELL  STRUCTURE  IN  HYDROGEN-AIR  MIXTURE 
LOADED  BY  ALUMINUM  PARTICLES 
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Results  of  numerical  simulation  of  the  2D  detonation  structure  in  hy¬ 
brid  mixtures  containing  suspended  aluminum  particles,  hydrogen  and 
gaseous  oxidant  are  presented.  The  mathematical  model  incorporates 
two-temperature,  two-velocity  formulation  of  conservation  equations.  It 
has  been  shown  computationally  that  the  detonation  wave  exhibits  a 
cellular  structure  with  average  cell  size  exceeding  a  few  times  the  ex¬ 
perimental  values.  The  predicted  cell  size  grows  with  aluminum  particle 
concentration.  The  regularity  of  the  cell  structure  is  shown  to  depend 
on  the  detonation  velocity. 


1  INTRODUCTION 

Recently  [1],  the  authors  have  measured  the  detonation  cell  structure  in 
hydrogen-air  mixtures  of  various  fuel-rich  composition  with  suspended  aluminum 
particles,  flaked  and  atomised  to  3.5-  and  13-micrometer  particles.  Depending 
on  condensed-phase  concentration,  these  particles  can  provide  up  to  3%  increase 
in  the  detonation  velocity.  In  mixtures  with  coarse  13-micrometer  particles,  the 
detonation  velocity  can  be  10%  lower  than  in  a  pure  gaseous  mixture  (equal  to 
about  2000  m/s  for  the  studied  gaseous  mixtures  [1]).  Besides,  aluminum  parti¬ 
cle  size  and  concentration  affect  the  detonation  cell  structure.  Particularly,  the 
cell  structure  becomes  more  regular  and  cell  size  diminishes  in  comparison  with 
that  of  a  pure  gaseous  mixture  due  to  aluminum  particles  enhancing  the  deto¬ 
nation  performance.  Larger  particles  result  in  larger  and  less  regular  cells.  It 
was  found  that  relative  cell  size  A/Aq  correlates  reasonably  well  with  the  relative 
detonation  velocity  Dj Do  via  the  expression  derived  by  the  analogy  with  the 
correlation  obtained  by  Desbordes  [2]  for  overdriven  gaseous  detonations: 
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where  Aq  and  Dq  are,  respectively,  the  cell  size  and  the  detonation  velocity  in  the 
pure  gaseous  mixture,  E  is  the  activation  energy  and  Tznd  is  the  temperature 
at  the  shock  front  of  the  detonation  wave  in  the  pure  gaseous  mixture.  However, 
some  of  the  present  results  correspond  to  D  <  Do  though  such  regimes  cannot 
propagate  steadily  in  homogeneous  gaseous  mixtures.  Apart  from  that,  extension 
of  this  correlation  for  D  >  Do  to  two-phase  hybrid  mixtures  is  not  so  evident. 
Besides,  it  would  be  interesting  to  investigate  numerically  the  detonation  cell 
structure  corresponding  to  double-front  detonations  observed  in  the  considered 
hybrid  mixtures  with  suspended  aluminum  particles  [3,  1]. 

Presented  here  are  first  results  of  a  numerical  study  of  the  detonation  cell 
structure  in  suspensions  of  aluminum  particles  in  a  hydrogen-based  gaseous  mix¬ 
ture,  obtained  by  the  use  of  the  two-temperature,  two-velocity  detonation  that 
was  previously  developed  and  tested  for  the  one-dimensional  case  [4]. 


2  DESCRIPTION  OF  THE  PROBLEM 

In  the  considered  hybrid  mixtures,  two  different  reactions  can  occur  behind  an 
initiating  shock  wave.  First,  rapid  gaseous  reaction  takes  place  releasing  H2O  and 
CO2  (O2  can  be  available  in  lean  gaseous  explosives).  Oxidation  of  suspended 
aluminum  particles  by  these  species  begins  after  particle  temperature  exceeds 
some  threshold  (ignition)  temperature.  Both  reactions  are  exothermic  and  thus 
can  support  detonation  wave  propagation.  However,  the  nonmonotonous  charac¬ 
ter  of  heat  release  in  hybrid  mixtures  can  result  in  different  modes  of  detonation 
wave  propagation  [4]. 

For  simplicity,  in  the  considered  two-dimensional  case  a  one-step  Arrhenius 
kinetics  for  gas  reaction  {E  =  17200  cal/mol  [5]  with  the  preexponential  factor 
selected  from  numerical  considerations  to  be  5  •  10^  s”^)  is  used.  It  is  assumed 
that  burning  of  aluminum  does  not  affect  the  specific  heat  ratio  of  the  gaseous 
phase  which  thus  remains  constant  (7  =  1.4).  Then  ZeFdovich-von  Neumann- 
Doring  (ZND)  temperature  Tznd  —  2041  K  and  the  Chapman-Jouquet  (CJ) 
detonation  velocity  in  pure  gas  Dq  =  1909  m/s. 

Burning  time  of  aluminum  particles  is  assumed  to  be  proportional  to  the 
square  of  initial  particle  diameter  and  1/^^*^,  where  <f)  is  the  volume  fraction  of 
oxidizing  species  in  products  of  gaseous  reaction  (<^o  =  0.21).  For  the  ignition 
temperature  of  aluminum  the  value  Tign  =  1350  K  was  used.  It  was  also  assumed 
that  particles  are  sufficiently  fine  so  that  temperature  distribution  inside  particles 
can  be  considered  uniform. 
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To  solve  the  system  of  two-phase  2D  governing  equations  in  planar  geometry 
the  LCP  FCT  technique  [6]  was  used.  Besides,  a  special  grid  adaptation  proce¬ 
dure  along  the  longitudinal  coordinate  was  performed  every  time  the  shock  front 
arrived  sufficiently  close  to  the  right  boundary  of  the  computational  domain.  In 
this  case,  the  leading  half  of  the  mesh  is  not  modified  but  the  grid  size  is  in¬ 
creased  monotonously  from  the  central  to  the  leftmost  mesh  with  the  progression 
factor  slowly  increasing  during  the  run  from  the  initial  value  of  about  1.005  to 
about  1.03-1.15  at  the  end  of  the  run.  Thus,  numerical  resolution  in  the  leading 
portion  of  the  detonation  wave  is  maintained  at  the  initially  selected  level  and 
the  overall  number  of  meshes  along  the  longitudinal  axis  is  kept  constant  due  to 
renumeration  of  gridded  values  of  flow  parameters  after  every  adaptation.  The 
final  length  of  the  leftmost  mesh  in  the  rest  zone  can  significantly  exceed  the 
initial  mesh  size.  The  final  longitudinal  length  of  the  computational  domain  can 
also  be  significantly  larger  than  its  initial  size.  The  supersonic  character  of  deto¬ 
nation  propagation  ensures  that  adaptation  procedure  does  not  practically  affect 
the  accuracy  of  the  solution.  All  the  2D  results  shown  below  are  obtained  using 
a  375  X  300  grid  (0.25  x  0.2  m).  With  this  resolution  (Aa;  =  Ay  =  0.6667  mm), 
there  are  about  25  meshes  inside  the  ZND  induction  zone  of  the  steady  CJ  det¬ 
onation  in  a  homogeneous  gas. 

The  flow  was  initiated  by  a  jump  in  an  initial  longitudinal  distribution  of 
pressure  and  temperature  near  the  left  closed  wall  of  the  channel  (distribution 
of  flow  parameters  across  the  channel  was  uniform).  In  all  cases,  pressure  and 
temperature  behind  this  ID  jump  were  200  bar  and  900  K,  respectively.  Longi¬ 
tudinal  thickness  of  the  driver  section  was  1  cm.  This  initiation  was  quite  strong 
for  pure  gas  and  allowed  one  to  initiate  the  detonation  in  two-phase  mixtures 
with  different  particle  size  (“fine”  3.5  //m  and  “coarse”  13  fim)  and  particle  con¬ 
centration  up  to  400  g/m^  and  to  avoid  difficulties  with  ignition  of  aluminum 
particles.  Difference  in  size  of  fine  and  coarse  particles  provides  nearly  14-fold 
difference  in  the  burning  time  of  considered  particles. 


3  RESULTS  OF  CALCULATIONS 


Figure  1  shows  calculated  pressure  “soot”  traces  recorded  in  the  case  of  coarse 
13-micrometer  aluminum  particles  at  particle  concentration  of  300  g/m^  (this 
concentration  is  close  to  the  stoichiometric  value).  On  the  first  plate  one  can 
see  how  the  initially  plane  flow  is  transformed  into  two-dimensional  one  as  a 
result  of  formation  of  hot  spots.  At  first,  detonation  cells  have  quite  small 
sizes  since  detonation  is  overdriven.  Then,  the  cell  size  increases  with  time  as 
the  detonation  velocity  drops  and  approaches  its  quasi-steady  value  (1784  m/s). 
Finally,  after  a  few  meters  of  detonation  propagation,  the  cell  pattern  becomes 
weakly  regular  and  the  average  pressure  becomes  higher  than  at  the  first  plate 
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An  opposite  case  is  observed  for  fine  3.5-micrometer  particles  shown  in  Fig.  3. 
Here,  one  can  see  that  the  cell  pattern  is  more  regular  and  the  cell  size  is  sig- 
nificantly  (2-3  times)  smaller  than  with  coarse  13-micrometer  particles  Final 
detonation  velocity  D  =  2155  m/s  in  this  run  is  higher  than  Dq.  However,  as 
soon  as  the  secondary  reaction  catches  up  with  the  leading  gaseous  reaction  re¬ 
sulting  in  the  formation  of  the  quasi-steady  single-front  detonation  (SFD),  the 
cell  structure  degenerates.  This  feature  can  be  attributed  to  very  low  temper¬ 
ature  sensitivity  of  aluminum  ignition  and  burning  model  in  comparison  with 
high  temperature  sensitivity  of  Arrhenius  gaseous  reaction. 

Figure  4  shows,  for  the  sake  of  comparison,  the  traces  of  maximum  pressure 
for  a  pure  gaseous  explosive  mixture  with  no  particles.  One  can  see  that  the 
presence  of  particles  of  any  size  accelerates  formation  of  the  detonation  cell 
structure.  Apart  from  that,  the  cell  pattern  becomes  more  irregular  in  the  case 
of  coarse  particles. 

Table  1  summarises  particle  concentrations  and  sizes  for  which  similar  calcu¬ 
lations  were  performed  along  with  resulting  cell  sizes  and  detonation  velocities. 

Figure  5a  presents  the  dependence  of  the  final  detonation  velocity  at  the  end 
of  the  runs  on  particle  concentration  and  size.  One  can  see  that  coarse  particles 
decrease  the  detonation  velocity  white  fine  particles  increase  it  in  agreement 
with  earlier  ID  predictions  [4].  Average  cell  sizes  are  a  few  times  larger  than  the 
experimental  values. 

Figure  5  h  shows  that  the  detonation  cell  size  grows  with  aluminum  particle 
concentration  in  the  case  of  coarse  particles  and  drops  if  particles  are  fine  enough. 
The  lower  is  the  detonation  velocity,  the  more  irregular  is  the  cell  pattern. 


Table  1  Calculated  effect  of  particle  concentration  and  size  on  the  detonation  velocity 
U  and  detonation  cell  size  A 


Particle 

size 

fim 

Particle 
cone.  (7, 
g/m^ 

Number 
of  cells  across 
the  channel 

Cell  size 

A 

mm 

D 

m/s 

Comment 

1 

— 

0 

7.5-9.0 

22.2-26.7 

1912.2 

Pure  gas 

2 

13 

100 

6. 0-8.0 

25.0-33.3 

1864.0 

3 

13 

200 

6.0-7. 5 

26,7-33.3 

1826.6 

4 

13 

300 

4.5-6.0 

33.3-44.4 

1784.0 

4a 

13 

300 

4. 0-6.5 

30.8-50.0 

1783.4 

Inert  metal 

5 

3.5 

50 

11.5-13.0 

15.4-17.4 

1987.5 

6 

3.5 

100 

12.0-13.0 

15.4-16.7 

2049.8 

7 

3.5 

200 

12.5-13.5 

14.8-16.0 

2116.4 

8 

3.5 

300 

13.0-14.0 

14.3-15.4 

2155.8 

Cell  structure  degenerates 
at  x  >  1.1  m 
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Figure  5  Effect  of  particle  concentration  and  size  on  quasi-steady  detonation  velocity 
D  (a)  and  detonation  cell  size  A  (6):  I  —  fine  particles;  2  —  coarse  particles 


4  DISCUSSION 

To  explain  the  results  of  aforementioned  calculations,  it  is  useful  to  analyze  ID 
profiles  of  pressure  P  and  flow  Mach  number  (relative  to  the  shock  front,  i.e., 
M  —  (D  —  u)/c)y  where  c  is  the  local  sound  velocity  corresponding  to  the  cases 
considered  above. 

Figure  6  demonstrates  the  effect  of  particle  size  and  concentration  calcu¬ 
lated  for  the  same  conditions  as  above  but  in  ID  case.  Here,  thick  solid  lines 
show  P  and  M  profiles  in  the  pure  gas  at  f  =  1  and  2  ms.  Thin  solid  lines 
correspond  to  coarse  13-micrometer  particles  at  c  =  300  g/m^  at  f  =  1  and 
2  ms.  Hence,  addition  of  coarse  particles  results  in  a  decrease  in  the  propa¬ 
gation  velocity  of  the  leading  detonation  front  and  formation  of  a  secondary 
shock  caused  by  burning  of  aluminum  particles  far  behind  the  leading  detona¬ 
tion  zone,  which  corresponds  to  M  <  1  region  just  behind  the  leading  front 
(in  the  laboratory  frame  of  reference  this  zone  is  supersonic).  Though  the 
secondary  shock  at  f  =  2  ms  is  more  smeared  than  at  f  =  1  ms  due  to  the 
adaptation  procedure,  one  can  see  that  the  flow  behind  the  secondary  shock 
becomes  again  subsonic,  like  in  the  case  of  the  double-front  detonation.  The 
amplitude  of  the  secondary  shock  is  significantly  lower  than  that  of  the  leading 
wave  and  this  shock  does  not  produce  any  important  tracks  on  traces  of  maxi¬ 
mum  pressure  presented  in  Fig.  1.  With  coarse  but  inert  particles  (dashed  lines 
in  Fig.  6),  no  secondary  shock  is  formed  behind  the  leading  wave  and  detona¬ 
tion  velocities  for  reactive  and  inert  coarse  particles  are  very  close  to  each  other. 
One  can  also  see  that  transition  time  and  run  distance  to  quasi-steady  deto¬ 
nation  with  coarse  aluminum  particles  is  quite  large  in  agreement  with  earlier 
results  [4]. 
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Dot-dashed  curves  in  Fig.  6  correspond  to  fine  3.5-micrometer  particles  at 
(T  _  300  g/m  .  These  particles  burn  14  times  faster  than  13-micrometer  parti¬ 
cles  and  secondary  reaction  quickly  catches  up  with  the  leading  reaction  resulting 
in  the  increase  of  detonation  velocity  and  pressure.  At  the  same  time,  the  det¬ 
onation  zone  (M  <  1)  also  becomes  much  thicker,  which  means  that  the  global 
reaction  becomes  very  slow.  Hence,  one  could  expect  that  the  corresponding  cell 
size  would  become  quite  large.  This,  probably,  is  another  reason  why  the  deto¬ 
nation  cell  structure  presented  in  Fig.  3  for  fine  particles  at  nearly  stoichiometric 
concentration  finally  degenerates  (at  smaller  concentrations  of  fine  particles  and 
at  <7  =  400  g/m^,  with  the  present  model  no  degeneration  of  2D  detonation 
structure  up  to  detonation  run  distances  of  about  2-3  m  was  observed).  How¬ 
ever,  experiments  [1]  show  that  with  flake  aluminum  particles  of  very  small 
mean  size,  a  quite  regular  cell  structure  is  observed  for  a  very  wide  range 
of  aluminum  concentrations  up  to  cr  = 

450  g/m^.  This  contradiction  between 
calculations  and  experimental  data  in 
the  case  of  fine  aluminum  particles 
calls  for  improving  the  model  of  alu¬ 
minum  ignition  and  burning. 

Finally,  Fig.  7  shows  the  depend¬ 
ence  provided  by  Eq.  (1)  along  with 
the  results  of  2D  calculations  listed  in 
Table  1.  Here,  solid  and  open  symbols 
show  the  maximum  and  minimum  cell 
size,  respectively.  One  can  see  that  the 
agreement  between  2D  calculations 
and  a  simple  correlation  (1)  is  quite 
reasonable  as  one  could  anticipate 
based  on  earlier  interpretation  of  the 
experimental  results  [1]. 


Figure  7  Comparison  of  2D  calculations 
of  cell  sizes  with  the  dependence  of  dimen¬ 
sionless  cell  size  versus  relative  detonation 
velocity  represented  by  Eq.  (1) 


5  CONCLUDING  REMARKS 

Though  the  proposed  model  provides  a  semiquantitative  agreement  with  prac¬ 
tically  all  of  the  observed  trends  [1]  and  improves  the  existing  knowledge  on 
detonations  of  hybrid  mixtures  with  aluminum,  further  modeling  and  numerical 
studies  are  needed  in  the  case  of  fine  and  especially  flake  aluminum  particles 
since  the  simple  model  in  hand  predicts  degeneration  of  detonation  cell  struc¬ 
ture  near  the  stoichiometric  concentration  of  aluminum  particles  in  contrast  to 
experimental  observations. 
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PULSED  DETONATION  PROPULSION: 

KEY  ISSUES 


D.  Desbordes,  E.  Daniau,  and  R.  Zitoun 


A  review  of  the  early  research  on  pulsed  detonation  engines  (PDE),  ideal 
detonation  propulsion  performances  given  by  one  detonation  cycle  anal¬ 
ysis  and  multicycle  operation  of  pulsed  detonation  are  presented.  Some 
key  issues  that  determine  propulsion  performance  of  a  realistic  PDE  are 
investigated. 


1  INTRODUCTION 

During  the  last  ten  years,  there  has  been  a  renewal  of  interest  in  propulsion 
by  detonation  besides  conventional  propulsion  systems;  e.g.,  (i)  steady  propul¬ 
sion  as  in  gas  turbines  and  ramjets  and  (n)  alternative  propulsion  as  in  piston 
engines. 

The  detonation  regime  of  combustion  offers  a  net  advantage  over  classical 
combustion  of  very  rapid  energy  releases  (two  or  three  orders  of  magnitude  faster 
than  deflagrations).  This  combustion  regime  can  support  very  high  mass  flow 
rate  and  therefore  appears  as  a  promising  combustion  mode  for  propulsion,  com¬ 
petitive  to  classical  nondetonative  propulsion  systems  in  terms  of  efficiency  and 
simplicity. 

Depending  on  the  flight  velocity,  detonation  can  be  used  both  in  steady 
propulsive  mode  and  in  unsteady  alternative  propulsive  mode.  Two  concepts 
of  detonation  propulsion  engines  can  be  distinguished: 

1.  The  detonation  scramjet  or  ODWE  (oblique  detonation  wave  engine)  where 
the  flight  Mach  number  is  higher  than  the  normal  Chapman-Jouguet  (CJ) 
Mach  number  of  the  detonative  mixture  used  for  propulsion  [1,  2].  In 
that  case,  detonation  is  stabilized  as  a  CJ  standing  oblique  detonation 
wave  which  adjusts  its  inclination  angle  to  the  upstream  Mach  number. 
This  engine  is  based  on  the  very-high-intensity  steady  combustion  mode 
with  mass  flow  rate  entering  the  engine  higher  than  the  normal  detonation 
consumption  mass  flow  rate  (mcj),  and  is  therefore  highly  hypersonic. 
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2.  The  pulsed  detonation  engine,  or  PDE,  where  the  periodic  ignition  of  det¬ 
onation  takes  place  [3,  4].  The  fresh  mass  flow  rate  (m)  is  at  least  one  or 
two  orders  of  magnitude  lower  than  the  normal  detonation  consumption 
mass  flow  rate  (mcj).  This  mode  of  propulsion  has  the  capability  to  work 
from  zero  Mach  number  to  supersonic  flight  [5]. 

Obvious  advantages  of  detonation  over  classical  combustion  mode  are  the 
following  : 

(i)  energy  release  takes  place  in  a  narrow  region  and  is  quasicomplete; 

(ii)  because  of  a  very  rapid  energy  release,  heat  losses  remain  limited; 

(iii)  the  expansion  of  the  high-pressure  detonation  products  into  the  atmosphere 
shows  a  larger  conversion  efficiency  than  constant-pressure  combustion; 

(iv)  this  expansion  obeys  self-similarity  when  the  CJ  detonation  cell  structure 
has  a  size  well  below  the  characteristic  size  of  the  detonation  chamber, 
that  is  validated  with  experiments  performed  in  intermediate  scale  (i.e., 
laboratory  experiments); 

(v)  no  moving  part  of  precompression  and  no  mechanism  of  recovery  exist  in 
the  engine,  except  for  the  end  thrust  wall  and  nozzle. 

In  this  paper,  after  the  presentation  of  a  brief  review  on  the  early  research 
and  the  principle  of  PDE  and  its  basic  setup,  the  current  key  issues  concerning 
the  PDE  operation  are  examined.  Some  guidelines  suggested  by  previous  com¬ 
putational  and  experimental  research  for  further  development  of  PDE  are  also 
presented. 


2  REVIEW  OF  THE  EARLY  RESEARCH 

The  pioneering  work  on  pulsed  detonation  engines  (PDE)  is  attributed  to  Hoff¬ 
mann  in  1940  [6].  Experiments  were  performed  in  a  long  narrow  tube  using  acety¬ 
lene  and  benzene  (liquid)  oxygen  mixtures.  Detonation  initiation  was  achieved 
by  a  spark  plug  and  transition  from  deflagration  to  detonation.  Only  a  narrow 
range  of  ignition  frequencies  governed  by  characteristic  times  of  the  phenomena 
was  found,  irrespective  of  the  higher  spark  frequencies. 

More  than  a  decade  later,  the  university  of  Michigan  group  headed  by  Nicholls 
started  both  single-cycle  and  multicycle  PDE  operation  studies  [3].  Fuel  mixtures 
of  hydrogen  and  acetylene  with  oxygen  and  air  were  tested.  These  constituted 
the  two  fuel-air  mixtures  which  are  most  detonable.  Oxidizer  and  fuel  were 
continuously  injected  at  the  closed  end  of  a  detonation  tube,  open  at  the  other 
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Figure  1  Hydrogen-air  intermittent  detonation  tube  [4] 


end  (cf.  Fig.  1).  Ignition  was  achieved  by  spark  plug  at  some  distance  from  the 
injection  plane. 

In  addition  to  flow  rates  and  the  inner  wall  temperatures,  thrust  was  meas¬ 
ured  (by  a  pendulum  device)  for  varying  frequency  of  ignition.  The  most  in¬ 
teresting  result  was  obtained  for  H2-air  mixtures  where  a  specific  impulse  of 
Jsp  =  2100  s  was  reached,  at  a  maximum  frequency  of  about  35  Hz.  The  inner 
wall  temperature  did  not  exceed  425  (800  ®F).  Attempts  to  obtain  detonation 

initiation  at  the  open  end  of  detonation  tube  failed.  A  similar  setup  was  used 
later  by  Krzycki  [7],  who  performed  experiments  with  propane-air  mixtures  up 
to  60  Hz.  The  predicted  pressure  history  at  the  closed  end  of  the  tube  indicated 
that  detonation  was  probably  not  achieved  in  this  setup.  This  led  Krzycki  to 
conclude  that  an  intermittent  detonation  device  was  not  a  promising  technique 
for  propulsion. 

A  number  of  Russian  works  also  occurred  in  that  period  on  the  use  of  pulsed 
detonation  reactors  devoted  either  to  rock  crushing  or  to  metal  oxides  coat- 
ing  [8,  9].  Reliable  commercial  devices  based  on  intermittent  detonation  were 
then  constructed.  In  1986,  Helman  ti  al  [4]  built  a  PDF  demonstrator  (Fig.  2) 
using  a  large  tube  containing  C2H4-air  mixture,  where  intermittent  detonations 
were  ignited  by  the  detonation  created  by  a  spark  plug  in  small  diameter  tube 
containing  a  rich  C2H4-O2  mixture.  Periodically  injected  fuel  mixed  with  self- 
aspirated  air  was  detonated  in  the  larger  tube  at  a  frequency  of  25  Hz,  limited 
by  the  fuel  injection  solenoid  valve.  This  paper  demonstrated  particularly: 

(i)  the  efficiency  of  fuel-oxygen  predetonation  to  induce  detonation  in  fuel-air 
mixtures  in  large  volumes,  and 

(ii)  the  overexpansion  following  detonation  product  exhaust  that  can  be  used 
for  air  self- aspiration. 
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Figure  2  PDE  device  [8] 


Interest  in  these  results  was  limited  by  the  fact  that,  in  fuel-air  mixture,  full 
detonation  was  not  really  achieved.  Nevertheless,  the  measured  specific  impulse 
ranged  from  1000  to  1400  s. 

Numerical  simulations  on  PDE  ideal  performances  also  began  in  this  period. 
H2~air  mixture  pulsed  detonations  were  simulated,  with  a  detonation  ignited  at 
the  closed  end  of  a  tube  followed  by  a  diverging  nozzle.  A  potential  specific 
impulse  of  6500  s  and  operating  frequency  of  667  Hz  were  deduced  [10]. 

A  number  of  significant  CFD  analyses  of  PDE  were  performed  by  Eidelman 
and  collaborators.  They  investigated  numerically  the  interaction  between  the 
flow  inside  the  cylindrical  chamber  and  that  of  surrounding  outside.  It  was 
indicated  that  properly  configured  PDEs  (cylindrical  chamber  with  air  inlet) 
could  provide  fuel-efficient  propulsion  for  large  vehicles  in  the  Mach  0.2-3  flight 
regimes  [11,  5].  Since  the  fresh  charge  for  the  generic  engine  was  supplied  from 
the  external  flow  field,  the  efficiency  of  the  engine  depended  on  the  interaction 
of  the  surrounding  flow  with  the  internal  flow  dynamics.  Planar  detonation 
was  assumed  to  be  ignited  at  the  open  end  and  traveled  towards  the  thrust 
wall  (Fig.  3). 

Eidelman  attributed  a  higher  propulsive  efficiency,  due  to  reflection  of  this 
detonation  on  the  thrust  wall,  to  that  obtained  if  detonation  was  ignited  at 
the  thrust  vail.  Moreover,  in  this  configuration,  the  system  could  operate  in  a 
self-aspirating  mode,  air  being  entrained  into  the  chamber  by  air  inlets  near  the 
thrust  wall.  Based  on  similarity,  it  was  predicted  that  thrust  was  scaled  linearly 
with  detonation  chamber  volume  and  operating  frequency.  It  was  also  shown 
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Figure  3  PDE  device  [13] 


that,  because  of  the  very  short  duration  of  the  shock  -  thrust  wall  interaction, 
the  presence  of  open  air  inlet  would  not  decrease  the  thrust  level. 

Bussing  and  Pappas  presented  the  basic  operation  of  an  ideal  PDE  (both 
in  rocket  and  air-breathing  engines)  where  initiation  takes  place  at  the  thrust 
wall  [12].  Eidelman  extended  the  analysis  to  the  nonideal  detonation  (transient 
detonation,  nonplanar  detonation)  and  concluded  that  differences  of  average 
value  of  thrust  from  ideal  detonation  remain  small  [13],  which  demonstrated 
clearly  the  robustness  of  the  PDE  concept.  In  that  period,  many  contribu¬ 
tions  about  PDEs  were  presented  at  the  annual  AIAA/ASME/SAE/ASEE  joint 
propulsion  conferences. 

Basic  studies  concerning  DDT  (Deflagration-to-Detonation  Transition)  and 
DDT  enhanced  by  turbulence  devices  such  as  the  classical  Schelkin  spiral  have 
been  performed  and  presented  [14].  It  was  evidenced  that  a  fully  developed 
detonation  wave  was  difficult  to  obtain  in  a  short  distance.  The  use  of  a  very 
detonable  mixture  in  small  quantity  in  order  to  ignite  detonation  in  fuel— air 
mixtures  in  PDE  air-breathing  engines  (applied  for  the  first  time  by  Helmann 
et  at.)  was  one  of  the  main  ways  used  to  overcome  the  problem  of  detonability 
of  fuel-air  mixtures.  Recent  experimental  research  has  been  essentially  devoted 
to  demonstrate  the  feasibility  of  about  100  Hz  fuel  (C2H4-H2)-oxygen  pulsed 
detonation  (Sterling  ei  at.  [15],  Bratkovich  ei  at.  [16]).  Special  interesting  tech¬ 
niques  were  developed  in  the  field  of  PDE’s,  as  for  instance  the  use  of  a  rotary 
valve  mechanism  [17]  on  inlets  for  a  two-tube  combustor,  allowing  the  function¬ 
ing  with  C2H4-air  mixtures  at  a  frequency  of  40  Hz  for  each  tube  [18].  More 
recently,  a  valveless  PDE  rocket  engine  was  operated  at  100  Hz  with  C2H4-O2 
mixtures  [19].  At  the  same  time,  the  effect  of  nozzles  of  different  shape  were 
addressed  computationally  by  Cambier  and  Tegner  [20]  and  by  Eidelman  and 
Yang  [21]  who  concluded  that  nozzles  can  drastically  increase  the  propulsive 
efficiency  of  PDE. 
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3  THE  PDE  BASIC  SETUP  AND  CYCLE 

The  PDE  basic  setup  is  a  cylindrical  combustion  chamber  (CC)  of  length  L  and 
inner  diameter  d,  closed  at  one  end  by  the  thrust  wall  (TW)  and  open  into  the 
atmosphere  (p  =  Pa)  at  the  other  end  (cf.  Fig.  4).  This  chamber  is  associated 
with  an  aerodynamic  vehicle  situated  ahead.  On  this  chamber  air  inlets  are  con¬ 
sidered.  The  chamber  may  be  filled  completely  or  partially  by  a  reactive  mixture 
from  the  thrust  wall.  In  the  latter  case,  the  part  of  the  chamber  unoccupied  by 
the  reactive  mixture  acts  like  a  nozzle.  Air  inlets  serve  for  PDE  air-breathing 
engines.  PDEs  can  be  used  also  as  a  rocket  engine.  The  flow  inside  the  chamber 
is  inherently  unsteady  and  can  be  described  by  the  PDE  cycle  as  follows. 


(a) 


air  inlet  detonation  front 


(b) 

Figure  4  Schematic  of  the  PDE  basic  setup:  (a)  detonation  initiation  at  the  thrust 
wall;  (6)  detonation  initiation  at  the  open  end 
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The  PDE  cycle  starts  by  filling 
the  detonation  chamber  with  a 
detonable  mixture.  The  detonation 
is  initiated  in  the  chamber  in  differ¬ 
ent  possible  locations,  summarized 
by  generic  location  at  the  TW  and 
at  the  open  end  (cf.  Figs.  4a,  4b), 
providing  detonations  propagating 
in  opposite  directions.  The  thrust  is 
produced  by  the  action  of  the  det¬ 
onation  products  in  both  cases  on 
the  TW.  Examples  of  dimensionless 
overpressure  AP  measured  at  the 
TW  (AP  =  Ap/pcj)  vs.  dimen¬ 
sionless  time  T  (r  =  i/tcj,  where 
tcj  =  LjDcj,  Dcj  is  the  CJ  deto¬ 
nation  velocity;  thus  tcj  is  the  det¬ 
onation  propagation  characteristic 
time  inside  the  CC  generally  used 
as  the  scaling  time)  for  the  TW  and 


Figure  5  Dimensionless  overpressure  vs.  di¬ 
mensionless  time  for  different  positions  of  det¬ 
onation  initiation:  1  —  at  the  thrust  wall; 
2  —  at  the  open  end 


open-end  ignition  are  displayed  in  Fig.  5. 
The  thrust  T  produced  by  the  detonation  can  be  obtained  by  different  means: 

(1)  direct  integration  of  the  pressure  over  the  projection  of  the  engine  surfaces 
on  the  plane  normal  to  the  flight  direction, 


T(t)  =  jp{t)dS 


(2)  calculations  of  the  unsteady  thrust  by  integration  at  the  nozzle  exit  (index  e): 


T(t)  -rheUe^r  {Pe-Pa)Se 


(3)  the  global  thrust  measured  on  the  engine  by  the  ballistic  pendulum  method 
or  other  techniques  (strength  gages). 

Mixture  specific  impulse  /sp  may  be  deduced  from  the  average  thrust  T, 
obtained  on  each  cycle: 


where  m  is  the  average  mass  flow  rate  during  a  cycle  and  g  the  gravity  acceler¬ 
ation. 
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4  SINGLE-CYCLE  PROPULSIVE  PERFORMANCE 


Figure  6  Dimensionless  impulse  vs.  dimen¬ 
sionless  time  for  different  positions  of  detona¬ 
tion  initiation;  1  —  at  the  open  end;  2  —  at 
the  thrust  wall 


Ideal  propulsive  performances  (/sp, 
T)  can  be  deduced  from  computa¬ 
tion  and  laboratory  experiments  on 
one  PDE  cycle  at  Mach  number 
M  =  0  [3,  22].  In  small-scale  ex¬ 
periments  of  characteristic  size  of 
0.1  m,  very  stable  direct  quasi-CJ 
detonations  can  be  obtained  using 
readily  detonable  mixtures.  The  de¬ 
parture  from  the  plane  ideal  det¬ 
onation  due  to  wall  reflections  of 
a  point-ignited  detonation  vanishes 
rapidly. 

Based  on  the  self-similarity  of 
the  expansion  of  the  detonation 
products,  ideal  thrust  and  specific 
impulse  for  completely  filled 
constant-section  detonation  cham¬ 
bers  can  be  expressed  in  terms  of 


the  CJ  characteristics  of  the  mixture  used  [23].  So  thrust  can  be  predicted  by 
a  simple  scaling  law  based  on  chamber  volume  and  frequency  [5].  hp  is  nearly 
independent  of  the  direction  of  propagation  of  the  detonation  as  shown  in  Fig.  6 
and  is  given  by  the  following  relationship: 


/gp  — 


K 


gpoDcj 


PC3 


(^) 


27/(7“1) 


PO 


Here  K  is  a  constant  of  about  5.15,  for  conventional  hydrocarbons  and  hydrogen- 
oxygen  or  air  mixtures  [24].  Application  time  of  overpressure  on  the  TW 
is  about  lO^cJ  and  the  negative  pressure  phase  that  follows,  corresponding  to 
overexpansion  of  the  detonation  products,  ends  at  about  18-20tcJ*  The  neg¬ 
ative  pressure  phase  serves  to  refill  the  chamber  with  fresh  mixture  by  di¬ 
rect  injection  of  fuel  and  oxidizer  contained  in  pressurized  tanks  or  with  at¬ 
mospheric  air  by  self- aspiration.  The  total  dimensional  time  itot?  i*^'}  roughly 
20tcj,  that  includes  detonation  propagation,  exhaust  of  detonation  products 
and  aspiration  of  fresh  gases,  can  be  considered  as  the  minimum  PDF’s  cycle 
duration  which  depends  linearly  upon  the  characteristic  length  of  the  detona¬ 
tion  chamber.  Maximum  detonation  cycling  frequency  may  then  be  defined 
on  the  basis  of  /max  =  1/^tot-  It  corresponds  to  maximum  possible  mass  flow 
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rate  m,riax-  For  a  1-meter  detonation  chamber  length,  the  maximum  allow¬ 
able  frequency  has  been  estimated  at  about  100  Hz  for  a  Dcj  ~  2  km/s  deto- 
native  wave  [23],  In  a  general  way,  the  filling  time  is  much  longer  than  the 
detonation  products  expansion  time  and  is  therefore  the  limiting  time  of 
the  phenomenon.  Nevertheless,  the  thrust  T  being  expressed  by  T  ~  ml,p 
or  ~  flsp,  high  thrust  needs  high  Isp  and  also  high  mass  flow  rate  (rh)  and 
for  a  chamber  of  fixed  volume,  a  high  cycling  frequency  /.  Then,  the  min¬ 
imum  cycle  duration  <’*'  associated  to  a  given  CC  becomes  a  very  important 
parameter  (of  the  same  order  as  the  filling  time)  that  influences  drastically 
the  PDE’s  thrust  potential  performance  and  has  to  be  investigated  systemat¬ 
ically. 

For  C2H4-O2  stoichiometric  mixtures,  I^p  is  200  s,  if  all  the  mass  of  the  mix¬ 
ture  is  considered  as  in  the  rocket  engine,  and  about  2270  s  for  C2H4-air  mixtures 
in  air-breathing  engine  configurations.  H2-air  presents  very  high  specific  impulse 
of  about  4900  s. 


Ejection  of  detonation  products  into  the  atmosphere  from  a  completely  filled 
cylindrical  detonation  chamber  is  sonic  during  a  large  part  of  the  outer  expansion 
of  the  detonation  products  [25].  Accordingly,  an  additional  diverging  nozzle  of 
length  I  (with  j3  =  l/L)  may  increase  I^p  by  achieving  supersonic  ejection  and  a 
possible  optimum  expansion  at  the  nozzle  exit  e',  i.e.,  p'  =  p^. 

Nevertheless  this  nozzle  generally  affects  the  time  required  for  the  pressure 
in  the  CC  to  drop  to  the  atmospheric  pressure  at  which  time  a  fresh  mixture 
can  be  injected.  Indeed,  the  cycling  time  will  be  larger  if  the  tube  is  long 
and  if  slow  expansion  takes  place  at  the  exit.  Partially  filled  combustion  cham¬ 
bers  from  the  TW  side,  contributes  to  increase  hp  by  increasing  the  length 
of  the  nozzle  of  constant  section  [26,  27].  For  example,  if  a  cylinder  of  four 
times  the  CC  length  and  of  the  same  cross-section  is  placed  after  the  chamber 
{P  =  4),  /sp  is  increased  by  a  factor  of  about  2.  Nevertheless  this  contributes 
to  lengthen  <+  and  then  Uot  and  the 
cycle  duration  and  in  the  same  way  to 

reduce  the  maximum  allowable  cycling  air  inlet  .  combustion  chamber 


frequency  by  a  factor  larger  than  2  [25]. 
In  other  respects,  addition  of  a  diverg¬ 
ing  nozzle  of  a  certain  shape  instead  of  a 
cylindrical  nozzle  permits  a  larger  gain 
in  4p  without  modifying  the  maximum 
allowable  cycling  frequency  of  the  CC 
alone  [25].  This  is  an  important  re¬ 
sult  concerning  the  use  of  diverging  noz¬ 
zles. 


thrust  wall  exhaust  surface 


The  existence  of  air  inlets  for  air- 
breathing  engine  modifies  very  little  the 
computed  propulsive  performance  of 


Figure  7  Schematic  of  the  combustion 
chamber  with  air  inlet 
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Figure  8  Dimensionless  thrust-wall  overpressure  vs.  dimensionless  time  without  inlet 
{a  =  0),  and  with  inlet  (a  =  1).  Detonation  is  initiated  at  the  thrust  wall  (a)  and  at 

the  open  end  (6) 


(«) 


(b) 


Figure  9  Dimensionless  impulse  vs.  dimensionless  time  without  inlet  (a  -  0)  and 
with  inlet  (o  =  1).  Detonation  is  initiated  at  the  thrust  wall  (a)  and  at  the  open 
end  (6) 


the  engine  if  the  ratio  of  their  area  to  the  normal  section  of  the  detonation  cham- 
ber  (a)  are  below  20%  [5].  This  tendency  has  been  observed  experimentally. 
A  decrease  of  only  25%  on  hp  have  been  measured  for  an  area  ratio  of  0.5, 
detonation  initiation  being  achieved  at  the  thrust  wall  or  at  the  open  end  (cf. 
Figs.  7  to  9)  [28]. 
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5  MULTICYCLE  PROPULSION  PERFORMANCE 
PROBLEMS 

For  the  reason  of  scarce  experiments  performed  in  the  pulsed  mode,  in  fuel- 
oxygen  and  less  in  fuel-air  mixtures,  many  aspects  of  pulsed  detonation  propul¬ 
sion  remain  poorly  understood  or  completely  unsolved.  An  example  of  some  re¬ 
sults  obtained  with  a  short  detonation  tube  (L  =  0.1  m,  d  =  0.05  m)  show  that 
pulsed  operation  of  detonation  engine  at  several  hertz  lowers  slightly  (20%-30% 
of  loss)  the  performance  if  compared  to  the  ideal  engine.  This  is  due  essentially 
to  a  low  value  oi  L/d  that  induces  an  imperfect  filling  of  the  CC  with  fresh 
mixture  (cf.  Figs.  10 a  and  106). 

A  nonexhaustive  list  of  several  important  issues  which  control  the  PDE  per¬ 
formance  can  be  established: 

-  the  efficiency  of  self-aspiration  at  different  fiight  regimes, 

-  the  optimization  of  air  inlets  in  subsonic  and  supersonic  flights, 

-  the  fuel-air  (oxygen)  mixing,  correlated  with  the  problem  of  fuel  injection, 

-  the  low  energy  fuel-air  detonation  initiation  and  fuel  system, 

-  the  thermal  loading, 

-  the  surrounding  noise  and  vibrations. 


Figure  10  Dimensionless  trust-wall  overpressure  (a)  and  dimensionless  impulse  (6) 
vs.  dimensionless  time  for  different  PDE  operating  frequencies:  1  —  /  =  0  Hz  (single 
cycle);  2  —  /  =  2;  and  3  —  /  =  5  Hz 
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A  /O 
/O  j 

/O  / 
AO  / 


Equivalence  ratio,  <|) 


Figure  11  Variation  of  detonation  cell 
size  vs.  equivalence  ratio  for  different  fuel- 
air  compositions  [29]:  1  —  C2H2,  2,  3  — 
H2,  4  —  C2H4,  5  —  C2H6,  6,  7  —  C3H8, 
8  —  C4H10,  9  —  CH4  (open  symbols  cor¬ 
respond  to  smoked  foil  measurements,  filled 
symbols  —  to  pressure  oscillation  measure¬ 
ments),  Solid  curves  correspond  to  the  model 
X  =  AI  (I  is  the  induction  length  of  the  CJ 
detonation) 


The  majority  of  these  issues  have 
not  been  addressed  systematically 
in  the  literature,  and  studies  are  yet 
to  be  developed.  We  particularly 
focus  our  attention  on  the  detona¬ 
tion  initiation  which  is  a  major  is¬ 
sue  for  the  practical  PDE  func¬ 
tioning. 

For  propulsion  application  of 
air-breathing  PDEs,  liquid  fuel  is 
required  for  weight  and  volume  ef¬ 
ficiency  reasons.  The  feasibility  of 
this  PDE  powered  by  liquid  fuel, 
owing  the  difficulties  encountered 
by  Brophy  et  ai  [29]  to  detonate 
JP-lO-air  mixtures,  has  to  be  dem¬ 
onstrated.  Clearly,  heavy  hydrocar¬ 
bon  (i)  gas  as  straight-chain  alkanes 
and  (ii)  liquid  or  spray  as  hexane, 
heptane,  octane,  decane,  JP-4  va¬ 
por  and  benzene  for  which  the  va¬ 
por  pressure  is  sufficiently  high  at 
normal  conditions  to  form  with  air 
explosive  mixtures,  are  very  diffi¬ 
cult  to  detonate.  The  detonabil- 
ity  scaling  factor  depends  on  the  CJ 
detonation  cell  size  Acj  of  the  mix¬ 
ture  which  is  typically  40-60  mm 
[30]  to  [32]  (cf.  Fig.  11).  Then 
the  ratio  of  the  detonation  chamber 
characteristic  length  (diameter)  to 
the  cell  size  does  not  exceed  4  to  10. 


The  direct  initiation  of  such  mix¬ 
tures  requires  an  initiating  source  of  very  high  energy  (or  explosion  length), 
out  of  the  scope  of  the  PDE,  the  critical  energy  being  estimated  by  Ec  ^ 
ApqDqjXqj  [33].  DDT  lengths  for  the  same  mixtures  are  at  lea.st  few  meters. 
For  instance,  3  m  of  flame  propagation  in  a  tube  of  inner  diameter  d  =  0.15  m 
filled  with  periodic  obstacles  of  blockage  ratio  BR  =  0,49  are  needed  for  DDT 
in  C3H8-  and  CeHe-air  stoichiometric  mixtures  [16]. 

At  least,  one  initiation  scheme  can  overcome  the  hydrocarbon-air  detona¬ 
tion  initiation  energy  requirements.  It  is  based  on  a  two-step  initiation  process, 
namely  the  use  of  an  additional  fuel-oxygen  mixture  contained  in  a  tube  of  small 
diameter  and  initiated  by  a  source  of  very  low  energy  (repetitive  sparks  used  in 
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motor  car  technology)  which  can  detonate  by  the  DDT  mechanism  with  a  short 
DDT  length  using  periodic  obstacles  such  as  Schelkin  spiral  [34].  The  DDT  intro¬ 
duces  a  delay  which  is  “acceptable”  only  in  fuel-oxygen  mixtures  and  probably 
not  even  in  very  sensitive  fuel-air  detonation  systems  (as  H2-air,  for  instance). 
Once  the  detonation  is  produced  in  the  small  tube,  the  successful  transmission 
of  this  detonation  into  the  larger  volume  containing  the  less  energetic  and  less 
detonable  fuel- air  mixture  is  possible. 

Detonation  transmission  from  the  small  tube  to  the  chamber  is  easier  if  used 
alone  or  combined  with: 

(1)  local  focalization  devices, 

(2)  multiple  transmission  points  with  focalization, 

(3)  a  special  design  which  ensures  smooth  transition. 

The  basic  ideas  that  support  these  techniques  are  the  following: 

(1)  overdriven  detonations  are  known  to  be  transmitted  with  reduced  critical 
tube  diameter  [35], 

(2)  transmission  of  detonation  from  a  tube  into  larger  volume  is  enhanced  by 
placing  a  central  circular  blockage  (blockage  ratio  of  50%)  which  creates 
implosion  followed  by  an  intense  explosion  [36], 

(3)  an  adapted  diverging  cylinder  reducing  expansion  between  the  two  media 
helps  to  obtain  successful  transmission  [37]. 

Presence  of  composition  gradient  in  the  sense  of  more  energetic  to  less  energetic 
mixture  can  help  detonation  initiation  and  transmission  [38].  It  requires  tailored 
injection.  These  points  have  not  been  addressed  systematically. 

The  problem  of  liquid  fuel  detonation  with  air  in  CC  is  not  yet  solved.  Up  to 
now,  it  seems,  mixtures  with  air  of  available  fuels  only  cannot  provide  solution 
to  this  problem.  An  approach  there  is  to  use  fuel  blends  [39],  and  the  addition  of 
a  detonation  promotor  (mixed  in  the  chamber  with  the  main  fuel  and  air,  before 
detonation). 


6  CONCLUDING  REMARKS 

Many  investigations  have  been  devoted  to  PDEs  as  they  represent  future  propul¬ 
sion  devices  based  on  the  intrinsic  advantage  of  detonation  over  deflagration 
combustion.  This  devices  represent  one  of  the  natural  extensions  of  many  fun¬ 
damental  studies  of  detonation  over  the  two  recent  past  decades  into  practice. 
Although  the  energetics  of  detonation  products  may  be  easily  predicted,  con- 
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ditions  of  repetitive  detonations  in  liquid  fuel-air  systems  represent  a  challenge 
up  to  now.  Both  carefully  integrated  computations  and  benchmark  experiments 
can  help  to  define  the  contour  of  PDF’s  application  held. 
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ON  FACTORS  CONTROLLING 
THE  PERFORMANCE 
OF  PULSED  DETONATION  ENGINES 

K.  Kailasanath,  G.  Patnaik,  and  C.  Li 


The  pressure  history  at  the  head  end  of  an  idealized  pulsed  detonation 
engine  that  is  a  tube  closed  at  one  end  and  open  at  the  other  is  used  to 
identify  various  factors  that  control  the  performance  of  the  engine.  Three 
major  stages  have  been  identified  in  the  time  history  of  the  pressure.  The 
first  stage  is  dorninated  by  the  method  used  to  initiate  the  detonation 
and  could  vary  significantly  from  one  experimental  setup  to  another  or 
from  simulation  to  simulation.  The  second  stage  is  primarily  controlled 
by  the  detonation  parameters  of  the  mixture  considered  and  is  therefore 
insensitive  to  variations  in  methodology.  The  third  stage  mainly  depends 
on  the  relaxation  process  at  the  end  of  the  detonation  tube.  It  has  been 
shovrn  that  by  suitably  tailoring  the  relaxation  process,  significant  gains 
can  be  obtained  in  the  overall  performance. 


1  INTRODUCTION 


Pulsed  detonation  engines  (PDFs)  have  received  considerable  attention  dur¬ 
ing  the  past  decade  and  significant  progress  has  been  made  in  their  develop¬ 
ment  [1,  2].  The  basic  operation  of  the  PDE  and  the  history  of  its  development 
have  been  covered  in  these  review  articles  as  well  as  other  papers  and  will  not 
be  discussed  here.  The  focus  of  this  paper  is  on  the  performance  of  PDFs.  This 
IS  also  a  topic  that  has  received  some  attention  from  the  early  days  since  the  ad¬ 
vantages  claimed  for  the  PDF  for  various  applications  depend  on  the  estimated 
performance. 

In  one  of  the  earliest  studies  of  the  pulsed  detonation  engine  concept,  Nicholls 
et  al  [3],  presented  an  analytical  model  for  the  performance  and  used  it  to  es¬ 
timate  the  specific  impulse  (/^p)  of  acetylene  and  hydrogen  fueled  detonation 
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engines.  They  also  conducted  preliminary  experiments  that  produced  specific 
impulses  of  over  2100  s  for  a  hydrogen-air  mixture  and  noted  that  the  experi¬ 
mental  results  were  “in  good  agreement  with  the  predicted  performance.”  Since 
then,  there  have  been  several  studies  on  the  performance  of  PDEs  [4-11],  but 
the  performance  estimates  have  tended  to  vary  from  1100  s  to  8000  s  for  a  stoi¬ 
chiometric  hydrogen-air  mixture.  i  n  v  i  roi 

Bratkovich  and  Bussing  [4],  revisited  the  analytical  model  of  Nicholls  ei  at.  [dj 
and  proposed  a  new  model.  Their  model  predicted  an  impulse  that  was  about 
40%  larger  than  that  predicted  and  measured  earlier.  Apin,  it  was  noted  that 
the  new  predictions  were  in  good  agreement  (±3%)  with  their  experimental 

data  [4].  i  j  j  u 

In  an  unrelated  work,  Zhdan  ei  al  [5,  6],  measured  the  impulse  produced  by 

a  gas  detonation  in  a  cylindrical  chamber  and  compared  it  to  results  of  their  two- 
dimensional  numerical  simulations.  They  noted  that  the  calculated  thrusts  and 
specific  impulses  were  nonmonotonic  functions  and  the  minimum  and  maximum 
impulses  differed  by  as  much  as  13%.  More  notably,  the  mean  of  the  calculated 
values  was  lower  than  the  experimentally  measured  values  by  15%-25%.  A 
limiting  (maximum)  specific  impulse  value  of  689  s  was  also  calculated  for  a 

stoichiometric  acetylene-oxygen  mixture. 

A  similar  experimental  setup  was  built  by  Zitoun  ei  ai  [7]  who  also  extended 
previous  analytical  approaches  to  develop  a  simple  theoretical  model  to  account 
for  their  experimental  observations.  The  observation  that  the  predicted  and 
measured  performances  agree  reasonably  well  but  appear  to  be  different  m  dif¬ 
ferent  studies  suggests  that  some  underlying  factors  that  control  the  performance 
may  be  different  in  the  various  studies. 

There  have  also  been  a  number  of  purely  computational  studies  of  the  per¬ 
formance  of  idealized  PDEs,  closed  at  one  end  and  open  at  the  other  [8-11]. 
A  review  [10]  of  these  computational  studies  shows  that  there  is  a  wide  varia¬ 
tion  in  the  predicted  performance  with  estimates  ranging  from  3000  to  8000  s 
for  the  specific  impulse  of  even  a  stoichiometric  hydrogen-air  system.  In  that 
work,  detailed  numerical  simulations  were  used  to  provide  an  explanation  for 
the  differences  in  the  performances  predicted  using  one-dimensional  numerical 
simulations.  The  explanation  dealt  with  the  specific  choice  of  the  numerical 
boundary  condition  used  at  the  exit  plane  in  one-dimensional  simulations  of  the 
PDE.  The  physical  impact  of  the  different  boundary  conditions  used  is  to  change 
the  rate  of  relaxation  of  the  pressure  at  the  exit  of  the  PDE  tube.  This  m  turn 
changes  the  time  history  of  the  pressure  at  the  head-end  of  the  tube  and  hence 
the  thrust  and  other  performance  measures.  Therefore,  the  rate  of  relaxation  of 
the  pressure  near  the  exhaust  end  of  the  PDE  can  be  identified  as  one  of  the 
factors  that  control  the  performance. 

The  objective  of  this  paper  is  to  discuss  this  and  other  factors  that  may 
control  the  performance  of  PDEs  and  than  present  the  results  of  a  computational 
study  on  the  effect  of  some  of  these  factors  on  the  performance. 
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2  PERFORMANCE  ESTIMATES  OF  A  PDE 

A  fundamental  reason  for  investigating  PDEs  is  the  higher  thermodynamic  ef¬ 
ficiency  of  a  detonation  cycle  when  compared  to  the  constant  pressure  and  the 
constant  volume  cycles.  The  higher  efficiency  is  primarily  due  to  the  higher 
pressures  attained  during  the  detonation  cycle.  The  pressure  at  the  Chapman- 
Jouguet  (CJ)  point  is  a  characteristic  parameter  of  any  self-sustained  detonation 
and  would  appear  to  be  an  important  parameter  in  determining  the  performance. 
However,  consider  first  the  time 
history  of  the  pressure  at  a  cou¬ 
ple  of  locations  from  the  numeri¬ 
cal  simulation  of  an  idealized  PDE 
that  is  a  20  cm  long  tube  closed 
at  one  end  and  open  to  the  atmo¬ 
sphere  at  the  other.  The  tube  is 
initially  filled  with  a  premixed  stoi¬ 
chiometric  hydrogen-air  mixture 
and  a  detonation  is  initiated  near 
the  closed  end  (head-end)  of  the 
tube.  More  details  of  the  numerical 
simulation  will  be  discussed  later. 

Figure  1  shows  the  pressure  history 
at  a  location  10  cm  from  the  closed 
end.  The  pressure  is  constant  at 
1  atm  (the  initial  condition)  un¬ 
til  the  detonation  which  was  ini¬ 
tiated  near  the  closed  end  arrives 
at  this  location  around  48  fis  (from 
the  start  of  the  calculation).  It  abruptly  increases  to  the  value  behind  the  det¬ 
onation  front  and  then  decreases  rapidly  to  a  relatively  constant  value  between 
5  and  6  atm.  This  value  is  reached  around  140  fis  and  lasts  until  about  220  //s 
when  the  expansion  waves  from  the  open  end  of  the  tube  arrive  at  this  loca¬ 
tion  and  begin  to  decrease  the  pressure.  By  700  //s,  the  pressure  at  this  lo¬ 
cation  has  gone  below  the  initial  value  of  1  atm.  From  this  figure,  clearly  it 
is  difficult  to  pick  a  single  value  for  the  effective  detonation  pressure  and  time 
duration. 

Since  the  thrust  and  other  performance  measures  are  usually  calculated  from 
the  history  of  the  pressure  at  the  head-end  of  the  tube,  this  parameter  is  shown 
in  Fig.  2,  The  initial  high  pressure  depends  on  the  method  used  to  initiate  the 
detonation.  Here,  a  high-pressure  and  high-temperature  driver  is  used.  When 
the  calculation  is  initiated,  a  shock  moves  towards  the  open  end  and  expansion 
waves  move  toward  the  closed  end.  Energy  release  behind  the  shock  quickly 
catches  up  with  the  shock  forming  a  detonation.  The  transient  effects  of  the 


Figure  1  Pressure  history  at  a  location 
10  cm  from  the  head-end  (closed  end)  of  a 
20  cm  long  PDE  operating  on  a  stoichiometric 
hydrogen-air  mixture 
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Figure  2  Pressure  history  at  the  head- 
end  of  a  20  cm  long  PDE  operating  on  a 
stoichiometric  hydrogen-air  mixture 


Figure  3  Time  history  of  the  impulse 
(per  unit  area)  from  the  simulation  of  a 
20  cm  long  PDE  operating  on  a  stoichio¬ 
metric  hydrogen-air  mixture 


initiation  and  the  transition  to  detonation  are  seen  to  last  nearly  100  //s  when 
the  pressure  at  the  head-end  settles  to  a  value  nearly  steady  at  5.8  atm.  This 
“plateau”  in  the  pressure  history  lasts  until  about  330  /is  when  the  expansion 
waves  from  the  open  end  of  the  tube  arrive  at  the  head-end  and  begin  to  decrease 
the  pressure.  The  pressure  falls  below  the  l-atmosphere  level  around  630  //s. 

Since  these  results  were  obtained  from  one-dimensional  simulations,  the  dif¬ 
ference  between  the  head-end  pressure  and  the  ambient  pressure  gives  the  thrust 
per  unit  area  and  the  time  integral  of  this  quantity  will  give  the  impulse.  This 
calculation  has  been  done  and  the  results  are  shown  in  Fig.  3.  Note  that  the 
impulse  rapidly  rises  to  a  value  of  about  60  N-s/m^  in  the  first  10  //s.  This  is  a 
direct  consequence  of  the  high-pressure  driver  used  to  initiate  detonations  in  the 
simulations.  The  impulse  reaches  a  value  of  about  90  N-s/m^  by  about  100  /iS 
and  then  increases  nearly  linearly  to  about  200  N-s/m^  by  330  /is.  The  first 
peak  of  245  N-s/m^  is  reached  at  630  //s,  when  as  noted  earlier,  the  head-end 
pressure  reaches  the  1-atmosphere  mark.  Then,  the  impulse  decreases  because 
the  pressure  at  the  head  end  of  the  tube  goes  below  the  ambient  value  and  at¬ 
tains  a  minimum  of  about  225  N-s/m^  before  increasing  again.  It  increases  again 
because  when  the  pressure  within  the  tube  goes  below  the  ambient  value,  the 
gases  outside  are  at  a  higher  pressure  and  rush  into  the  tube  creating  new  com¬ 
pression  waves  which  increase  the  pressure.  In  some  cases  (as  shown  in  Fig.  4),  a 
secondary  shock  is  created  by  these  incoming  gases.  The  presence  of  a  maximum 
and  minimum  value  for  the  impulse  has  been  noted  earlier  by  Zhdan  ei  al.  [5]. 
More  recently,  others  have  also  observed  this  behavior  in  both  experiments  and 
calculations. 
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Based  on  the  above  discussion 
and  a  closer  look  at  the  history  of 
the  head-end  pressure  one  can  di¬ 
vide  the  time  history  into  three  dis¬ 
tinct  stages  or  regions:  initiation, 
plateau  and  relaxation.  The  first 
stage  is  dominated  by  the  method 
used  to  initiate  the  detonations  and 
to  some  extent  the  details  of  the 
transition  process.  Therefore,  it  is 
problem  dependent  and  depends 
on  the  details  of  the  particular  ex¬ 
perimental  or  numerical  set-up  and 
the  specific  test  conditions.  The  ef¬ 


fects  of  the  initial  conditions  used 
in  the  numerical  simulations  can  be 
reduced  by  considering  longer  sys¬ 
tems  using  the  same  initiator  as 
well  as  lower  initiation  energies. 
Attention  is  usually  focused  on  the 
second,  the  plateau  region  or  stage. 
For  the  case  discussed  above,  the 


Figure  4  Time  history  of  the  head-end  pres¬ 
sure  for  three  diiferent  exit  boundary  condi¬ 
tions:  1  —  very  gradual  pressure  relaxation, 
3  abrupt  relaxation  to  constant  pressure 
at  tube  exit,  and  2  —  intermediate  relaxation 
rate.  For  all  cases,  a  20  cm  long  PDE  tube 
filled  with  a  stoichiometric  hydrogen-air  mix¬ 
ture  was  simulated 


contribution  to  the  impulse  from  the  plateau  region  (from  about  100  to  330  fis) 
is  the  largest  (45%),  The  third  stage  describes  the  relaxation  of  the  plateau 
pressure  to  the  ambient  value  and  is  one  of  the  key  factors  focused  in  this  pa¬ 
per.  It  again  depends  on  the  details  of  the  experimental  or  numerical  system 
configuration. 


If  the  contributions  from  the  initiation  and  relaxation  stages  are  neglected, 
we  can  estimate  the  performance  using  just  the  plateau  pressure.  For  example’ 
Nicholls  et  al  [3]  assumed  that  the  pressure  at  the  head-end  went  instantaneously 
to  the  ambient  value  once  the  rarefaction  waves  reached  the  head-end.  Con¬ 
verting  the  impulse  obtained  during  the  plateau  region  in  the  case  discussed 
above,  into  fuel-based  4p  gives  an  increase  of  about  2000  s  from  the  plateau 
region,  a  value  close  to  that  predicted  by  Nicholls  ei  al.  [3],  But  this  clearly 
results  in  significantly  underestimating  the  performance. 


3  ESTIMATING  THE  “PLATEAU” 
PRESSURE  FACTOR 


From  the  above  discussion  it  is  clear  that  the  near  constant  pressure  (referred  to 
here  as  the  plateau”  pressure)  and  its  duration  are  important  factors  determin- 
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ing  the  performance.  The  plateau  pressure  is  also  referred  to  as  the  P3  pressure, 
where  Pi  would  correspond  to  the  ambient  pressure  ahead  of  the  detonation  and 
Pi  would  correspond  to  the  pressure  at  the  CJ  plane.  Using  this  nomenclature 
and  following  the  derivation  given  by  Nicholls  et  al.  [3]  for  estimating  the  pa¬ 
rameters  of  a  detonation  wave  travelling  in  a  long  tube,  the  F3  pressure  can  be 
written  as: 


P3  =  P2 


1- 


72 


-Mo 


272/(72-1) 


where  P2  is  the  CJ  detonation  pressure,  M2  is  the  Mach  number  of  the  burned 
products  in  the  laboratory  frame  of  reference,  and  72  is  the  ratio  of  specific 
heats  at  the  CJ  conditions.  Several  simplifying  assumptions  have  been  made  in 
arriving  at  this  expression,  including  a  two-7  formulation  and  that  the  detonation 
products  are  frozen  in  composition  and  expand  isentropically  to  rest  at  the  closed 
end  of  the  tube.  Using  the  parameters  from  a  CJ  detonation  calculation  for  a 
stoichiometric  hydrogen-air  mixture,  the  value  of  5.93  atm  is  obtained  which  is 
close  to  the  value  obtained  in  the  detailed  numerical  simulations,  considering  the 
simplifying  assumptions  made  in  the  above  derivation. 

Estimating  the  time  over  which  the  pressure  is  constant  is  a  little  more  diffi¬ 
cult  since  it  would  depend  on  system  parameters  such  as  the  length  of  the  tube, 
the  mixture  properties  and  indirectly  the  effect  of  the  initiator.  Certain  limiting 
values  can  be  estimated.  For  example,  if  the  detonation  were  initiated  insUnta- 
neously  and  the  pressure  at  the  wall  were  to  go  to  the  plateau  value  immediately, 
then  the  effective  time,  feff  would  be  given  by: 


^eff  =  +  ^5 

where  to  is  the  time  it  takes  the  detonation  to  travel  to  the  end  of  the  tube 
(L/Dcj)  and  is  is  the  time  it  takes  the  front  of  the  expansion  fan  to  come  back 
to  the  head  end  of  the  tube  (L/a,),  L  is  the  length  of  the  tube,  and  Dcj  and  a,  are 
the  detonation  velocity  and  the  sound  speed  in  the  burned  mixture.  Calculating 
this  effective  time  for  the  case  discussed  above  gives  a  value  of  285  fis.  Arriving 
at  a  lower  limit  is  more  difficult  without  further  assumptions.  Rather  than  being 
instantaneous,  if  the  initiation  process  was  slow  (e.g.,  in  a  DDT  process)  and  a 
detonation  was  to  form  only  by  the  end  of  the  tube  with  the  pressure  at  the  head- 
end  reaching  the  plateau  value  only  at  the  time  the  detonation  front  reached  the 
end  of  the  tube,  then  the  effective  time  would  be  given  by: 

^eflf  — 

For  the  specific  case  discussed  above,  this  corresponds  to  a  value  of  183  ^s. 

Because  a  finite  time  was  needed  to  form  a  detonation  and  establish  the 
plateau  pressure,  in  the  actual  simulations  discussed  before,  the  effective  time 
was  about  230  fis,  a  value  between  the  two  limits  calculated  above. 
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Another  key  factor  in  the  previous  discussion  was  the  rate  at  which  the 
pressure  relaxes  towards  the  ambient  value.  The  effect  of  this  factor  can  be  un¬ 
derstood  by  considering  a  series  of  one-dimensional  numerical  simulations  where 
the  pressure  at  the  exit  plane  of  the  tube  is  prescribed  to  relax  to  the  ambient 
value  at  different  rates.  Before  further  discussion  of  this  factor,  it  is  instructive 
to  first  briefly  discuss  the  computational  approach. 


4  THE  NUMERICAL  MODEL 

The  computational  approach  adopted  is  to  solve  the  compressible,  time- 
dependent,  reactive  flow  conservation  equations  for  the  density,  momentum,  total 
energy  and  the  number  densities  of  individual  species.  The  terms  in  the  con¬ 
servation  equations  representing  the  different  physical  and  chemical  processes 
are  solved  separately  and  coupled  using  timestep  splitting  techniques  [12].  This 
procedure  allows  the  individual  processes  to  be  integrated  by  appropriate  and 
e  cient  techniques,  and  also  permits  the  easy  substitution  and  elimination  of 
different  submodels  for  the  individual  processes,  as  needed  for  specific  applica- 
duration,  single-cycle  simulations  discussed  in  this  paper, 
the  diffusive  and  thermal  processes  will  have  a  negligible  effect  and  hence  only 
the  convective  flow  with  chemistry  is  considered. 

For  the  high-speed  reactive  flows  that  are  typical  of  detonations,  an  explicit 
algorithm  such  as  the  Flux-Corrected  Transport  (FCT)  [13]  is  very  efficient  and 
accurate  for  integrating  the  fluid  convection.  FCT  is  a  conservative,  monotonic 
algorithm  with  fourth-order  phase  accuracy.  With  various  initial  and  boundary 
conditions,  this  algorithm  has  been  used  previously  to  solve  a  wide  variety  of 
problems  involving  detonations. 

Results  from  both  one-dimensional  and  two-dimensional  simulations  are 
presented  in  this  paper.  For  the  one-dimensional  simulations,  a  comprehen¬ 
sive  model  for  hydrogen  combustion  with  8  species  and  48  reactions  is  used.  The 
reaction  set  is  solved  at  each  timestep  with  CHEMEQ,  an  integrator  for  stiff 
or  inary  differential  equations  [14],  For  the  two-dimensional  simulations,  a 

two-step  global  reaction  model  and  domain  decomposition  methods  are 
used  [15]. 

In  order  to  ensure  adequate  numerical  resolution  in  the  one-dimensional 
simulations,  initially  a  computational  grid  size  of  0.002  cm  was  used  result- 
mg  in  10,000  computational  cells  for  a  20  cm  long  tube.  After  the  passage  of 
the  detonation  from  the  tube,  the  grid  size  was  gradually  increased.  As  men¬ 
tioned  earlier,  the  detonation  was  initiated  by  using  a  high-pressure  and  high- 
temperature  driver  section.  The  effect  of  the  initial  conditions  will  be  discussed 
ater.  First  attention  is  focused  on  the  open  boundary  conditions  at  the  exit  of 
the  tube. 
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4.1  Open  Boundary  Conditions 

Boundary  conditions  at  open  boundaries  are  a  challenging  problem  in  numer- 
ical  simulations  when  the  flow  is  subsonic  because  physically,  the  flow  inside 
the  domain  can  respond  to  changes  outside.  There  is  no  general  solution  to 
this  problem  since  it  depends  on  the  specific  experimental  configuration  and 
the  physical  conditions  one  is  attempting  to  mimic.  Experiments  show  that 
there  are  differences  depending  on  whether  a  detonation  tube  is  connected  to 
a  larger  diameter  tube  or  a  large  dump  tank  [16].  Numerically,  for  the  ideal¬ 
ized  straight-tube  PDE,  this  reduces  to  the  specification  of  the  location  at  which 
the  pressure  becomes  atmospheric.  Therefore,  several  choices  for  the  boundary 
condition  have  been  tried  and  their  effect  on  the  flow  field  and  performance 

evaluated.  .  .  .  ,  x*  u  ^ 

For  the  cases  discussed  here,  a  boundary  condition  implementation  based 

on  the  method  of  characteristics  is  used.  This  ensures  that  no  constraints  are 
imposed  on  the  flow  quantities  when  the  outflow  is  supersonic  and  enforces  the 
required  constraints  when  the  flow  becomes  subsonic.  Even  in  this  formulation, 
there  is  a  free  parameter  in  the  subsonic  case  that  needs  to  be  specified.  Various 
choices  for  this  parameter  result  in  different  rates  of  relaxation  for  the  pressure 
at  the  open  boundary.  One  limit  is  for  the  pressure  to  abrupUy  go  to  the  ambient 
value  at  the  exit  plane.  This  was  the  choice  used  in  the  simulations  discussed 
earlier  and  shown  in  Figs.  1-3.  Other  choices  for  this  parameter  that  result  in 
a  more  gradual  relaxation  of  the  pressure  to  the  ambient  value  will  be  discussed 

next. 


4.2  Effects  of  pressure  relaxation 

The  pressure  history  at  the  head-end  for  three  cases  (including  the  one  already 
discussed)  are  shown  in  Fig.  4.  The  time  evolution  of  the  pressures  for  the 
three  cases  are  identical  until  about  330  fis  because  the  detonation  initiation 
parameters  and  mixture  conditions  are  identical  for  the  three  cases.  They  be¬ 
gin  to  differ  only  when  the  expansion  waves  from  the  open  end  of  the  tube 
reach  the  head-end.  The  strength  of  the  expansion  waves  is  different  because 
of  the  differences  in  the  relaxation  process  at  the  open  end  of  the  tube.  For 
the  slow  relaxation  process  (which  has  an  effectively  long  relaxation  length), 
the  pressure  reaches  the  1-atmosphere  mark  only  by  about  2  ms  while  for  the 
fast  relaxation  process  it  reaches  that  mark  by  about  630  ps.  Clearly,  this 
could  have  a  significant  impact  on  the  thrust  and  impulse  since  these  param¬ 
eters  depend  directly  on  the  difference  between  the  head-end  pressure  and  the 
ambient  pressure.  As  seen  in  Fig.  5,  the  impulses  for  the  three  cases  are  iden¬ 
tical  until  the  effects  of  the  relaxation  process  at  the  open  end  are  felt  at  the 
head-end. 
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Then,  the  impulse  histories  are 
very  different,  attaining  a  maxi¬ 
mum  value  of  about  390  N-s/m^ 
for  the  slow  relaxation  condition  at 
about  2  ms.  This  peak  value  is 
60%  larger  than  for  the  fast  relax¬ 
ation  condition  and  translates  into 
a  similar  increase  in  the  fuel-based 
Isp.  These  results,  along  with  those 
presented  earlier  [10]  clearly  indi¬ 
cate  that  the  pressure  relaxation 
process  at  the  exhaust  end  of  the 
PDE  tube  is  an  important  factor  in 
determining  the  performance.  In 
practice,  different  relaxation  rates 
may  be  attained  by  suitably  tailor¬ 
ing  the  nozzle  shape.  Next  the  ef¬ 
fect  of  initial  conditions  on  the  per¬ 
formance  are  discussed. 


4.3  Detonation  Initiation 

The  manner  in  which  the  detona¬ 
tion  is  initiated  will  affect  the  head- 
end  pressure  history  and  hence  the 
performance.  If  a  DDT  process  is 
involved,  the  head-end  pressure 
will  be  low  initially  and  than  rise 
gradually  to  the  P3  value.  However, 
if  direct  initiation  using  a  high- 
pressure  driver  is  used,  the  head- 
end  pressure  is  signifi'cantly  larger 
than  the  P3  value  initially  and  then 
drops  down  to  this  value  after  go¬ 
ing  through  a  transition  during 
which  it  could  go  below  the  P3 
value  as  seen  in  Fig.  2  and  4.  The 
impact  of  using  the  high-pressure 
driver  (which  is  typically  used  in 
numerical  simulations)  has  been 
further  highlighted  in  Fig.  6,  where 


Figure  5  Time  history  of  the  impulse  (per 
unit  area)  for  three  different  exit  boundary 
conditions.  See  the  caption  for  Fig.  4  for  de¬ 
tails 


Figure  6  Effects  of  initial  conditions  high¬ 
lighted  using  the  impulse  histories  from  (i)  a 
simulation  with  no  chemical  reactions  and  (2) 
a  simulation  with  chemical  reactions.  The  dif¬ 
ference  between  the  impulse  values  for  the  two 
cases  is  shown  as  (3) 
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the  calculated  impulse  from  two  simulations  and  their  difference  are  shown. 
Both  simulations  are  for  a  slow  relaxation  proce.ss  at  the  exit  end  of  the  PDE 
but  in  one  of  them,  the  chemical  reactions  and  energy  release  are  suppressed 
(nonreactive).  Thus,  the  impulse  from  the  blow  down  process  due  to  the  high- 
pressure  driver  is  calculated  in  this  case.  This  impulse  is  a  significant  fraction 
(27%)  of  the  total  impulse  from  the  PDE  using  this  initiator.  The  initiator 
used  for  this  simulation  is  by  no  means  an  optimal  one  and  the  effect  of  the 
initiator  will  decrease  when  longer  systems  or  lower-energy  initiators  are  con- 
sidered. 


4.4  Effects  of  Partial  Fill 


Figure  7  Effects  of  partial  filling  on  the  impulse 
histories  from  a  series  of  two-dimensional  simula¬ 
tions  of  a  50  cm  long  PDE  exhausting  into  a  very 
large  chamber.  The  section  of  the  PDE  filled  with 
a  premixed  ethylene-air  mixture  was  varied  from: 
J  —  10  cm,  2  —  20,  3  —  30,  4  —  40,  and  5  — 
50  cm 


As  discussed  earlier,  the  plateau 
pressure  can  be  estimated  from 
the  CJ  detonation  parameters 
of  the  specific  mixture  and  ini¬ 
tial  conditions.  Therefore,  an¬ 
other  technique  for  modifying 
the  time  evolution  of  the  pres¬ 
sure  would  be  to  vary  the  mix¬ 
ture  along  the  length  of  the 
tube.  A  special  case  of  this  tech¬ 
nique  would  be  to  partially  fill 
the  tube  with  the  fuel-air  mix¬ 
ture  and  fill  the  rest  of  the  tube 
with  an  inert  gas  such  as  air. 

A  series  of  two-dimensional 
simulations  [15]  have  been  con¬ 
ducted  in  which  a  50  cm  long 
tube  is  filled  with  a  stoichiomet¬ 
ric  ethylene-air  mixture  to  var¬ 
ious  fill  lengths.  Figure  7  shows 
the  time  history  of  the  impulse 


for  various  cases.  An  interesting  observation  is  that  the  impulse  is  not  propor¬ 
tional  to  the  amount  of  fuel  fill.  When  the  degree  of  fill  is  decreased  from  100% 
to  20%,  the  peak  impulse  decreases  from  604  to  381  N-s/m^.  That  is  a  decrease 
of  only  37%.  Detailed  analysis  of  these  multidimensional  simulations,  discussed 
by  Li  ei  al.  [15],  shows  that  the  reason  for  this  result  is  due  to  the  presence  of  two 
different  sets  of  expansion  waves,  one  from  the  fuel-air  interface  and  the  other 
from  the  exit-end  of  the  tube.  When  these  different  sets  of  expansion  waves 
reach  the  thrust  wall,  the  pressure  decays  at  different  rates  because  the  strength 


of  these  expansion  waves  is  different. 
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The  time  evolution  of  the 
pressure  for  the  various  cases  is 
shown  in  Fig.  8.  The  two  differ¬ 
ent  rates  of  relaxation  are  clearly 
evident  in  this  figure.  This  result 
has  several  implications.  It  pro¬ 
vides  a  means  of  controlling  the 
thrust  by  controlling  the  amount 
of  fuel-air  fill  in  the  detonation 
chamber.  Furthermore,  it  sug¬ 
gests  that  a  significant  perform¬ 
ance  drop  may  not  occur  if  dur¬ 
ing  multicycle  operations,  the 
tube  is  not  filled  completely. 

There  is  also  the  intriguing 
possibility  of  enhancing  the  per¬ 
formance  by  using  by-pass  air 
during  the  flight.  One  can  envi¬ 
sion  a  situation  where  the  tube  is 
filled  only  partially  with  the  fuel- 
air  mixture  and  by-pass  air  from 
the  outside  is  used  to  fill  the  rest 
of  the  tube.  When  the  detona¬ 
tion  reaches  the  air  in  the  tube,  it 
will  degenerate  into  a  shock  wave 
but  compression  of  the  air  by  this 
shock  wave  will  provide  addi¬ 
tional  thrust  and  impulse  (as  dis¬ 
cussed  above).  This  enhanced 
performance  has  been  attained 
without  any  additional  fuel.  Of 
course,  there  is  a  cost  for  intro¬ 
ducing  the  by-pass  air  into  the 
tube  that  must  be  taken  into  ac¬ 
count. 

These  simulations  can  also  be 
viewed  as  a  special  method  for 
tailoring  the  pressure  relaxation 
process  at  the  end  of  the  fuel-air 


Figure  8  Effects  of  partial  filling  on  the  time 
history  of  the  head-end  pressure.  See  the  caption 
for  Fig.  7  for  details 
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Figure  9  Comparison  of  the  head-end  pressure 
histories  from  the  simulations  of:  (J)  a  50  cm 
long  PDE  filled  with  a  20  cm  long  section  of 
ethylene-air  mixture  and  (2)  a  20  cm  long  PDE 
filled  completely  with  the  same  ethylene-air  mix¬ 
ture 


zone.  To  illustrate  this  point,  the  time  histories  of  the  head-end  pressure  from 
two  simulations  are  shown  in  Fig.  9.  In  both  simulations,  the  width  of  the  2D 
channel  and  the  length  of  the  fuel-air  mixture  zone  are  the  same.  The  only 
difference  is  the  length  of  the  tubes  which  is  increased  from  20  to  50  cm  for  one 
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of  the  simulations.  The  extension  length,  effectively  resulting  in  a  “straight” 
nozzle,  increases  the  impulse  and  7sp  by  about  37%. 

The  improved  performance  due  to  partially  filling  the  tube  has  been  experi¬ 
mentally  demonstrated  by  Zhdan  ei  al.  [5,  6]  and  more  recently  by  Hanson  ei 
al  [17].  Numerical  simulations  have  also  shown  similar  results  although  the 
explanations  presented  are  different  [9,  11].  It  must  be  noted  that  the  improved 
performance  is  attained  because  the  two  systems  are  considered  for  air-breathing 
operation.  If  the  total  amount  of  fuel  and  air  mixtures  in  the  two  tubes  are  taken 
into  account,  the  shorter  tube  does  have  a  significantly  better  mixture-based  hp 
than  the  longer  tube  that  is  partially  filled  with  air. 


5  CONCLUDING  REMARKS 

In  this  paper,  a  new  perspective  on  factors  that  control  the  performance  of  PDEs 
was  obtained  by  taking  a  closer  look  at  the  history  of  the  pressure  at  the  head- 
end  of  a  straight  PDE  tube.  Three  major  stages  have  been  identified  in  the 
pressure  history. 

The  first  stage  is  dominated  by  the  method  used  to  initiate  the  detonation 
and  could  vary  significantly  from  one  experimental  setup  to  another  or  from  one 
simulation  to  another. 

The  second  stage  is  primarily  controlled  by  the  detonation  parameters  of 
the  mixture  considered  and  is  therefore  insensitive  to  variations  in  methodology. 
By  reducing  the  influence  of  the  first  stage  (for  example,  using  easily  detona- 
ble  mixtures  and  longer  systems),  more  general  performance  estimates  may  be 
obtained. 

The  third  stage  is  the  most  intriguing  and  appears  to  have  received  less 
emphasis  in  the  past.  This  is  the  relaxation  process  at  the  end  of  the  detonation 
tube. 

It  has  been  shown  that  by  suitably  tailoring  the  relaxation  process,  significant 
gains  can  be  obtained  in  the  overall  performance.  Some  previous  studies  on 
exhaust  nozzle  shapes  [8,  9]  have  indeed  shown  that  system  performance  depends 
on  the  specific  choice  of  the  nozzle.  However,  the  reported  gains  are  not  as 
large  as  shown  possible  here  and  therefore  further  investigations  of  this  factor, 
especially  experimental  are  warranted. 
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DETONATION  OF  A  JP-10  AEROSOL 
FOR  PULSE  DETONATION  APPLICATIONS 


C.  M.  Brophy,  D.  W.  Netzer, 
J.  Sinibaldi,  and  R,  Johnson 


Detonation  experiments  have  been  performed  to  determine  the  detona- 
bility  limits  of  a  JP- 10-air  aerosol  in  a  pulse  detonation  combustor  which 
utilizes  a  JP- 10-oxygen  predetonator  unit  as  the  intiator.  A  continuous 
air-flow  Pulse  Detonation  Engine  (PDE)  geometry  was  used  to  evaluate 
the  effects  of  the  aerosol  Sauter  Mean  Diameter  (SMD)  on  these  lim¬ 
its.  Initial  tests  involved  the  detonation  of  ethylene  and  air  in  the  main 
combustor  in  order  to  demonstrate  that  the  geometry  chosen  was  appro¬ 
priate  for  this  testing.  The  ethylene-air  tests  proved  that  the  geometry 
could  reliably  detonate  the  mixture  in  the  main  combustion  chamber. 
Preliminary  results  indicate  that  for  a  JP-10— air  aerosol  to  successfully 
detonate,  a  Sauter  Mean  Diameter  below  approximately  3  microns  is 
required  and/or  a  large  fraction  of  fuel  vapor  must  be  present.  The 
minimum  SMD  value  agrees  well  with  earlier  modeling  results,  but  may 
actually  be  more  a  function  of  the  vapor  pressure  present  rather  than  the 
spray  SMD.  Although  reliable  detonations  of  the  JP-10— air  mixture  were 
difficult  to  obtain,  it  was  demonstrated  to  be  possible  for  extremely  small 
SMD  values.  Efforts  are  continuing  to  improve  fuel  injection  methods 
and  geometry  characteristics  to  enhance  the  transmission  of  the  detona¬ 
tion  waves  into  the  JP- 10-air  mixtures. 


1  INTRODUCTION 

The  recent  interest  in  Pulse  Detonation  Engine  (PDE)  technology  has  resulted 
in  the  initiation  of  numerous  international  research  efforts.  Most  of  these  efforts 
have  focused  on  the  detonation  of  gaseous  reactants  and  continue  to  produce 
references  for  the  detonation  of  fuels  such  as  ethylene  and  propane  [1-4].  Some 
of  those  efforts  include  rotary  valve  injection  designs,  multiple  detonation  tubes, 
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nozzle  shaping  effects  on  pulse  detonation  engine  performance,  and  pulse  deto 
nation  rocket  engines  [5].  For  tactical  missile  applications,  liquid  fuels  are  more 
desirable  than  compressed  gases  because  of  their  higher  energy  density  and  con¬ 
siderably  better  storage  properties.  In  particular,  JP-10  is  being  tested  because 
of  its  current  application  in  military  weapons  and  existing  approval  for  shipboard 
use.  Achieving  a  detonation  in  a  very  short  length,  however,  is  difficult  when 
using  a  liquid  fuel  because  of  the  atomization  requirements,  mixing  timescales, 
and  vaporization  of  the  fuel.  Using  air  as  the  oxidizer  in  the  main  combustor 
minimizes  the  need  to  carry  additional  oxidizers,  thereby  leading  to  a  higher 
specific  impulse  and  greater  flexibility  in  the  propulsion  system  design.  The 
possible  increase  in  performance  of  PDE  systems  originates  from  the  increased 
thermodynamic  efficiencies  which  exist  for  a  detonation  process.  A  comparion 
of  a  constant  pressure  (Bray ton  cycle)  vs.  a  Chapman- Jouguet  (CJ)  detonation 
cycle  demonstrates  this  increase  in  efficiency.  This  analysis  will  describe  the 
benefit  of  the  detonation  versus  deflagration  combustion  process,  not  the  over¬ 
all  efficiencies  of  a  true  cyclic  system.  Since  the  cyclic  nature  of  a  PDE  engine 
has  been  thoroughly  described  in  previous  articles  [3],  it  is  not  described  in  this 
article. 


1.1  Thermodynamic  Analysis 


Most  current  chemical  propulsion  systems  are  based  on  constant-pressure  (CP) 
combustion  processes.  This  becomes  a  standard  with  which  to  compare  the  PDE, 
which,  using  a  CJ  detonation,  is  closer  to  a  constant-volume  combustion  process. 
The  two  key  differences  are  the  amount  of  heat  addition  (based  on  differences  in 
the  method  of  combustion)  and  whether  that  heat  is  added  along  an  isobar  or  a 
Rayleigh  line. 

The  two  cycles  are  compared  for  a  stoichiometric  mixture  of  JP-10  and 
air  (Fig.  1).  As  a  basis  for  comparison,  state  0  was  taken  to  be  0.1  atmo¬ 
spheres  (representing  ambient  pressure  under  potential  flight  conditions).  Isen- 
tropic  compression  to  1.0  atmosphere  and  300  K  yielded  chamber  conditions  at 
state  1  for  both  cycles.  The  Thermochemical  Equilibrium  Program  (TEP)  [6] 
was  used  to  determine  the  conditions  at  state  2  based  on  the  respective  cycle. 
The  expansion  process  from  state  2  to  state  4  was  taken  to  be  a  fixed-property 
isentropic  expansion  and  the  ideal  gas  law  was  assumed  to  hold  throughout.  The 
parameters  from  TEP  were  the  frozen  equilibrium  values  with  the  recombination 
of  radical  species  ignored. 

The  thermodynamic  properties  at  each  state  for  both  cycles  are  given  in 
Table  1.  Figure  1  highlights  the  dramatic  difference  between  the  two  cycles. 
Temperature  is  somewhat  higher  for  the  detonation  (the  rise  is  actually  mitigated 
by  the  formation  of  additional  radical  species)  but  the  real  differences  are  in  the 
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Table  1  State  thermodynamic  properties  for  constant- 
pressure  and  CJ  cycles  (CP/CJ) 


State 

Pressure 

(atm) 

Temperature 

(K) 

Specific  Volume 
(mVkg) 

0 

O.l/O.l 

165/165 

4.447/4.447 

1 

l.O/l.O 

300/300 

0.809/0.809 

2 

1.0/18.46 

2293/2851 

6.536/0.446 

4 

O.l/O.l 

1444/996 

41.100/28.791 

^*°**'^  curves)  and  CJ  detonation  (dashed  curves)  com. 


pressure  and  specific  volume.  The  detonation  pressure  at  state  2  is  a  factor 
of  almost  18.5  greater.  In  addition,  while  the  constant-pressure  (deflagration) 
process  increased  the  specific  volume  by  eight  times,  the  detonation  reduced  it 
almost  in  half.  The  much  larger  enclosed  area  for  the  CJ  detonation  indicates  a 
significant  advantage  in  net  cycle  work. 

The  heat  released  in  a  constant-pressure  combustion  process  (with  negligible 
change  in  velocity)  is  simply  the  difference  in  enthalpy  between  the  states  or: 

q  =  h2  —  hi  =  Cp2T2  —  CpiTi  (1) 

where  q  is  the  chemical  energy  released,  h  is  the  enthalpy,  and  Cpi  and  Cp2  are 
the  corresponding  specific  heats  at  constant  pressure.  The  values  at  state  2  were 
obtained  by  using  TEP  (cp  of  1.4315  kJ/(kg.K)  at  2293  K).  The  initial  specific 
heat  (1.0397  kJ/(kg-K))  was  calculated  as  the  mass-weighted  average  of  JP-10 

(1.60  kJ/(kg  K)),  and  air  (1.000  kJ/(kg  K))  at  300  K  [6].  The  resulting  heat 
release  was  2970.5  kj/kg. 

Since  the  compression  and  expansion  were  assumed  to  be  isentropic,  the  net 
work  path  integral  is  easily  solved: 
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Wcp  =  P  dv 

1  -  7i  1-72 

where  Wcp  is  the  net  work  of  the  cycle.  Using  the  values  in  Table  1,  the  result  is 
Do  =  1078.1  kJ/kg.  The  thermal  efficiency  for  the  cycle  is  the  ratio  of  net  work 
out  to  heat  added,  or 


where  r)t  is  the  thermal  efficiency.  For  a  constant-pre.ssure  combustion  process 
under  these  conditions,  the  result  is  36.3%. 

The  CJ  detonation  process  inherently  involves  significant  kinetic  energy  so 
more  terms  are  required  for  the  energy  balance: 

q  =  Cp2T2  +  Y  “  “  ~2 

where  ui  and  «2  are  the  corresponding  velocities  relative  to  the  detonation  front. 
Since  the  reactants  are  stationary,  the  relative  velocity  at  state  1  is  simply  the 
detonation  wave  velocity  (1786.6  m/s).  Other  state  1  parameters  are  the  same 
as  above.  The  values  from  TEP  at  state  2  for  specific  heat  and  temperature 
were  1.4532  kJ/(kg  K)  and  2851  K,  respectively.  The  combustion  products  flow 
toward  the  detonation  front  at  sonic  velocity  (985.5  m/s)  but  the  detonation, 
in  this  case,  is  travelling  at  1786.6  m/s.  The  relative  velocity  at  state  2,  then, 
is  the  difference  between  these.  The  resulting  total  chemical  energy  release  is 
2556.2  kJ /kg,  which  is  less  than  the  constant-pressure  process. 

The  net  work  is  calculated  the  same  as  above  except  the  CJ  detonation  cycle 
follows  a  Rayleigh  line  from  state  1  to  2  instead  of  an  isobar.  Thus,  the  first, 
third,  and  fourth  terms  in  Eq.  (2)  remain  the  same,  or: 


Wcj  =  Wcp  -  f’2(u2  -  »^i) 


I  P2- Pi 

"^2  V2  —  Vl 


(*^2  ~  ■'^l)  +  ^^2  - 


— - —  112]  («2  -  t^l) 

V2-V1  J 


(5) 


Canceling  like  terms  yields 


Wcj 


^  P2~  P\  /  2  2\ 

^  2  V2-V1 


P2-  Pi 

V2  -  Vi 


V2 


{V2  -  Vl) 


(6) 


Substituting  the  values  from  Table  1  into  Eqs.  (2)  and  (6)  gives  a  ne^ycle  work 
of  1441.2  kJ/kg.  Then,  using  Eq.  (3),  the  thermal  efficiency  is  56.4%. 

This  impressive  potential  performance  gain  generates  the  interest  in  PDEs. 
Even  with  lower  heat  release,  the  CJ  detonation  process  is  able  to  perform  more 


210 


PULSED  DETONATION  ENGINES 


net  work  each  cycle  for  the  same  fuel  consumed.  The  substantially  higher  thermal 
efficiency  of  the  CJ  detonation  cycle,  compared  to  that  of  the  Brayton  cycle  used 
in  current  aircraft  and  missile  applications,  could  lead  to  dramatic  reductions  in 
specific  fuel  consumption.  Ultimate  PDE  performance  will  depend  upon  the 
ability  to  couple  this  increase  in  thermal  efficiency  with  a  reasonable  propulsive 
efficiency  in  a  practical  engine. 


1.2  Combustor  Design  Issues 


The  use  of  a  J  P-1 0-oxygen  predetonator  unit  rapidly  generates  a  detonation  wave 
in  a  smaller  combustor  which  contains  a  more  easily  detonable  mixture  [7,  8]. 
The  exiting  detonation  wave  from  the  predetonator  may  then  transition  into 
the  fuel-air  mixture  of  the  main  combustor.  Typically  a  predetonator  is  sig¬ 
nificantly  smaller  than  the  main  combustor  (<  1%  by  volume)  and  needs  to 
transition  from  a  small  combustor  diameter  to  that  of  the  main  chamber.  Ac¬ 
cepted  empirical  laws  determine  how  large  the  diameter  of  the  predetonator 
must  be  in  order  to  successfully  transition  the  detonation  wave  if  an  infinite 
jump  in  diameter  exists  [9].  If  the  geometry  change  is  sufficently  gradual,  the 
wave  leaving  the  small  combustor  will  successfully  navigate  the  transition  and 
continue  propagating.  Borisov  et  al.  [10]  demonstrated  with  hydrogen-air  det¬ 
onations  that  diffraction  into  cones  with  the  apex  angle  less  than  60*^  caused 
reignition  at  the  boundary  and  a  successful  transition.  This  allows  the  use  of 
predetonators  with  diameters  smaller  than  the  required  critical  diameter  if  a 
cone  is  used  to  assist  in  the  transition  to  the  main  combustor.  The  actual  lim¬ 
iting  cone  total  angle  will  likely  be  a  function  of  the  particular  chemistry  of 
the  reactants  and  may  need  to  be  experimentally  determined  for  specific  fuel 
compositions. 

Another  approach  to  aid  in  transition  is  to  employ  a  compositional  discon¬ 
tinuity.  Desbordes  and  Lannoy  [11]  examined  detonation  propagation  with  a 
step-drop  in  fuel  concentration  from  a  fuel-rich  mixture  (B)  to  a  leaner  (i.e.,  less 
reactive)  mixture  (A).  Since  the  CJ  pressure,  detonation  velocity,  etc.,  are  lower 
in  the  second  mixture  (B),  a  detonation  propagating  at  CJ  conditions  in  the 
initial  mixture  (A)  enters  mixture  B  overdriven.  This  results  in  a  smaller  initial 
cell  size  in  mixture  B,  thereby  reducing  the  required  critical  tube  diameter.  As 
the  detonation  propagates  through  B,  cell  size  grows  monotonically  until  the  CJ 
conditions  for  mixture  B  are  reached  [11].  Shchelkin  [10]  proposed  that  if  the 
chemical  induction  time  increases  by  an  amount  on  the  order  of  itself,  the  peri¬ 
odic  cellular  mechanism  will  break  down  and  the  required  coupling  of  chemical 
and  gas  dynamic  processes  will  not  resume.  This  theory  is  supported  by  Murray 
and  Lee  observations  of  cell  size  approximately  doubling  prior  to  recovery  from 
near-critical  perturbations  [12]. 
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1.3  Aerosol  Requirements  in  Two-Phase  Applications 

Gaseous  systems  possess  an  inherent  simplicity  since  all  of  the  fuel  is  already 
in  a  vapor  state  and  is  therefore  more  likely  to  react  rapidly  with  the  oxidizer, 
which  is  required  in  a  detonation  wave.  Generally,  the  energy  release  must  oc¬ 
cur  within  1  cm  of  the  detonation  leading  shock.  If  the  heat  release  occurs  too 
late,  the  reaction  zone  decouples  from  the  shock  and  the  detonation  will  likely 
fail  [12].  In  a  two-phase  condition,  such  as  a  JP-10~air  aerosol,  the  fuel  must 
be  significantly  vaporized  before  a  substantial  reaction  can  occur  [13].  In  the 
present  investigation,  calculations  were  made  which  assumed  monomodal  droplet 
diameter  distributions  for  both  JP-lO-oxygen  and  JP-lO-air  mixtures  under  the 
required  steady-state  detonation  conditions.  The  steady-state  propagation  con¬ 
ditions  were  determined  from  TEP  for  both  mixtures  and  the  corresponding 
normal  shock  strength  was  then  used  to  determine  the  jump  in  pressure  and 
temperature  experienced  by  the  aerosol  in  the  analysis.  Droplet  heating  and  va¬ 
porization  were  calculated  using  the  well  known  d^-law  and  the  thermodynamic 
properties  of  JP-10  [14]  and  the  gases  involved: 

d-  =  dl-  15  J  (7) 

where  do  is  the  original  drop  diameter,  and  d  the  drop  diameter  after  time  t. 
The  evaporation  coefficient  (5^  is  an  empirically  determined  term  and  is  function 
of  pressure. 

Two  limiting  cases  were  determined  for  the  aerosols.  The  upper  limit  as¬ 
sumed  an  infinite  acceleration  of  the  fuel  droplets  which  allowed  the  droplets  to 
follow  the  flow  behind  the  wave.  This  assumption  would  obviously  break  down 
as  the  droplet  diameters  and  associated  inertia  increase.  The  lower  limit  then 
assumed  no  acceleration  and  maintained  a  stationary  droplet  field  and  allowed 
the  detonation  wave  to  pass  with  no  resulting  droplet  motion.  The  results  of 
both  analyses  are  discussed  in  Section  3. 


2  EXPERIMENTAL  SETUP 

The  experimental  setup  used  for  this  work  included  a  direct-connect  air  facility, 
the  actual  pulse  detonation  engine,  particle  sizing  equipment,  and  assorted  diag¬ 
nostic  equipment.  The  direct-connect  facility  was  operated  at  air  flow  rates  of  up 
to  1.3  kg/s  and  provided  the  engine  with  air  inlet  temperatures  of  up  to  425  K. 
The  air  was  heated  by  a  hydrogen  vitiator  with  make-up  oxygen  and  a  maximum 
outlet  temf  erature  of  725  K.  The  vitiator  outlet  was  connected  to  the  engine  in¬ 
let  through  a  6.35-centimeter  diameter  flex  hose.  The  engine  was  mounted  on 
two  slide  rails  to  allow  for  future  thrust  measurments.  The  experimental  layout 
is  shown  schematically  in  Fig.  2  and  an  actual  photo  in  Fig.  3. 
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Figure  2  Experimental  layout 


Figure  3  Test  cell  view  of  experimental  setup 


213 


HIGH-SPEED  DEFLAGRATION  k  DETONATION 


Figure  4  Pulsed  detonation  engine  geometry 


2.1  Engine  Geometry 

The  engine  geometry  is  shown  in  Fig.  4  with  exploded  views  of  selected  ar¬ 
eas.  The  engine  inlet  choke  isolated  the  vitiator  from  pressure  oscillations  in 
the  main  combustor  and  allowed  for  redundant  metering  of  the  vitiated  air  flow. 
Fuel  was  injected  by  four  BETE  PR-200  air-blast  injectors  [15]  just  after  the 
inlet  choke  and  was  allowed  to  mix  completely  with  the  air  while  flowing  through 
3.81-centimeter  diameter  inlet  arms  with  lengths  of  45  cm.  The  inlet  arms  dis¬ 
charged  into  a  plenum  region  where  the  mixture  was  directed  to  flow  throug  a 
perforated  cone  segment  in  order  to  provide  increased  turbulence,  m'x>ng,  and 
partial  acoustic  isolation.  The  porosity  of  the  cone  was  varied  between  15 /o  and 
40%.  The  predetonator  was  composed  of  a  head-end  cavity  region  to  aid  in  con¬ 
finement  and  utilized  a  rearward-stepped  diffusion  ramp  to  increase  turbulence 
levels  and  prevent  fuel  adhesion  to  the  walls.  This  geometry  was  previously  de¬ 
termined  to  provide  the  most  rapid  and  reliable  generation  of  a  detonation  wave 
in  a  JP-lO-oxygen  aerosol  [8].  Although  a  length  of  only  17  cm  is  required  for  the 
detonation  to  form,  a  total  length  of  25  cm  was  used  to  allow  the  wave  to  reach  a 
steady  propagation  velocity  and  the  corresponding  detonation  wave  strength  to 
be  measured.  Direct  transition  of  the  detonation  wave  into  the  fuel-air  mixtures 
was  generally  observed. 


2.2  Particle  Sizing 

Particle  sizing  was  performed  for  both  cold-flow  and  hot-flow  conditions.  The 
cold-flow  atomizer  characterization  was  performed  using  an  Aeromeincs  Phase 
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Doppler  Particle  Analyzer  (PDPA)  system  configured  for  measuring  particle  sizes 
from  0.50  to  155  fim  and  injection  velocities  from  5  to  500  m/s.  Sauter  Mean 
Diameters  (^32),  volumetric  mean  diameters,  and  other  spatial  statistics  were 
obtained  for  the  atomization  system  operating  at  the  expected  pressure  ranges 
and  room  temperature.  The  tip  of  the  atomizer  was  placed  7  cm  upstream  from 
the  sample. 

A  determination  of  the  particle  size  distribution  entering  the  main  combus¬ 
tion  tube  was  performed  using  a  Malvern  Mastersizer  system  placed  approxi¬ 
mately  5  cm  from  the  exit  of  the  four  main  air  inlet  arms.  The  Malvern  Master- 
sizer  measurement  allowed  particle  diameter  measurements  from  0.5  to  148  ^m 
and  provided  aerosol  properties  of  the  flow  entering  the  main  combustor  over 
the  selected  air  inlet  temperature  range. 


2.3  Additional  Instrumentation 

Kisiler  603B1  transducers  and  5010B  dual  mode  amplifiers  with  540  kHz  notch 
filters  were  used  in  varying  locations  along  the  predetonation  tube  and  the  main 
combustion  tube  to  monitor  the  pressure  time  traces.  The  signals  from  the 
amplifiers  were  sampled  by  National  Instruments  High  Speed  Data  Acquisition 
boards  using  a  sample  rate  of  500,000  samples  per  second.  A  variable  70  mJ  to 
2  J  Unison  Industries  ignition  system  was  used  as  the  ignition  source  for  the 
predetonator  combustor. 


3  RESULTS 

3.1  Atomizer  Results 


The  BETE  atomizers  produced  sprays  with  low  SMD  values  (7  to  10  //m)  over 
a  wide  range  of  flow  rates,  thereby  allowing  the  spray  SMD  to  be  approximately 
constant  through  a  wide  range  of  equivalence  ratios.  SMD  values  of  the  aerosol 
exiting  the  inlet  arms  were  measured  for  conditions  ranging  from  a  temperature 
of  285  to  435  K  and  air  flow  rates  of  0.07  to  0.30  kg/s.  The  particle  sizing 
measurements  also  allowed  for  transmission  measurements  to  be  made  and  the 
percent  of  the  fuel  vaporized  to  be  estimate^by  using  Bouger’s  law,  Eq.  (8),  and 
assuming  an  average  extinction  coefficient,  Q  =  2  for  the  aerosol: 


T  —  exp 


3QaL' 

2^32  . 


(8) 


where  T  is  the  transmission,  L  is  the  transmission  path  length.  By  knowing  the 
fuel  flow  rate,  the  transmission,  and  calculating  the  volume  concentration, 
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Figure  5  Sauter  mean  diameter  1  and 
percent  of  fuel  vaporized  2  as  functions  of 
PDE  inlet  temperature.  JP-lO-air  mix¬ 
ture,  air  flow  rate  0.20  kg/s,  fuel  pressure 
45  psig,  air  pressure  75  psig 


Weber  number 


Figure  6  Aerosol  SMD  vs.  distance  be¬ 
hind  the  detonation  wave  for  complete  va¬ 
porization.  JP-lO-air  mixture  of  equiva¬ 
lence  ratio  1.0.  1  —  no  acceleration;  2  — 
Weber  number;  3  —  infinite  acceleration 


of  the  aerosol,  the  amount  of  fuel  which  was  vaporized  could  be  estimated.  The 
results  for  an  air  flow  rate  of  0.20  kg/s  and  overall  equivalence  ratio  of  1.5  for  the 
JP-lO-air  mixture  is  shown  in  Fig.  5  for  varying  engine  inlet  temperatures.  Det¬ 
onations  were  only  observed  for  inlet  temperature  above  approximately  375  K. 
Thus,  the  corresponding  aerosols  (detonated)  had  SMD  values  below  approxi¬ 
mately  3  /im  and  an  estimated  fuel  vapor  content  above  70%.  The  detonations 
observed  will  be  discussed  later  in  this  paper. 

It  was  interesting  to  compare  the  experimental  results  to  previous  modeling 
efforts  and  predictions.  By  modeling  the  droplet  heating  and  vaporization  as 
described  earlier  for  a  range  of  droplet  diameters,  the  distances  behind  the  deto¬ 
nation  wave  were  determined  where  99%  of  the  fuel  droplets  would  be  vaporized. 
The  analysis  assumed  a  singular  droplet  diameter  distribution  for  ease  of  calcu¬ 
lation,  whereas  in  a  real  spray  a  finite  distribution  exists.  If  one  assumes  that 
instantaneous  combustion  occurs  once  a  particle  is  completely  vaporized,  a  lim¬ 
iting  droplet  diameter  can  be  determined  for  the  reaction  to  occur  within  1  cm 
of  the  leading  shock  wave  of  the  detonation.  Figure  6  shows  the  modeling  results 
for  a  JP-lO-air  aerosol  at  an  assumed  equivalence  ratio  of  1.0  and  assuming  no 
vaporization  ahead  of  the  leading  shock.  It  can  be  seen  that  if  the  droplet  needs 
to  be  completely  vaporized  within  1  cm  of  the  detonation  wave  and  it  is  assumed 
to  follow  the  flow  held  behind  the  detonation  front,  a  droplet  diameter  of  less 
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than  5  fim  would  be  required.  This  analysis  ignored  radiative  heating  of  the 
fuel  droplets  which  would  increase  the  minimum  diameter  slightly.  Finite-rate 
chemical  kinetics  would  obviously  tend  to  reduce  the  required  minimum  diameter 
since  it  was  assumed  in  this  analysis  that  “vaporized-was-burned.” 


3.2  Ethylene— Air  Mixture 

The  first  series  of  tests  were  performed  using  ethylene  and  air  in  order  to  ver¬ 
ify  the  geometry  required  to  reliably  detonate  a  fuel-air  mixture  in  the  main 
combustor.  This  was  performed  for  air  mass  flow  rates  from  0.07  to  0.3  kg/s 
and  at  a  constant  engine  inlet  temperature  of  315  K.  Reliable  detonations  were 
observed  over  an  equivalence  ratio  range  of  0.85  to  1.6.  A  thorough  detonabil- 
ity  range  was  not  determined  since  this  portion  of  the  testing  was  only  used  to 
evaluate  the  geometry.  A  sample  pressure  trace  can  be  seen  in  Fig.  7  for  the 
ethylene-air  mixture  at  an  equivalence  ratio  of  1.25.  The  predetonator  pressure 


Figure  7  Pressure-time  traces  for  ethylene-air  detonation  in  main  combustor.  Air 
now  0.140  kg/s;  equivalence  ratio  0  =  1.25;  predetonation  wave  velocity  1850  m/s* 
primary  wave  velocity  1800  m/s.  J  —  predetonator  No.  2;  2  —  main  tube  No.  1‘  3  ~ 
mam  tube  No.  2;  4  —  predetonator  No.  1 
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transducers  were  located  5.08  and  2.54  cm  from  the  end  of  the  predetonator, 
therefore  resulting  in  a  distance  of  2.54  cm  between  the  two  in  order  to  allow 
characterization  of  the  initiation  strength  of  the  exiting  predetonator  wave.  The 
first  transducer  in  the  main  combustor  was  placed  just  after  the  10-degree  di¬ 
verging  ramp  and  the  second  transducer  reported  in  this  paper  was  located  at 
a  distance  of  40  cm  further  down  the  combustor  axis.  Measured  wave  speeds 
indicated  direct  transmission  of  the  exiting  predetonator  detonation  wave  into 
the  ethylene-air  mixture. 

A  performance  parameter  of  interest  is  the  resulting  head-end  pressure,  pa, 
which  is  commonly  reported  for  PDE  systems.  The  difference  between  conven¬ 
tional  valved  systems  and  the  geometry  used  in  this  study,  is  that  a  certain 
amount  of  “relief”  exists  at  the  interface  between  the  inlet  manifold  and  the 
main  combustor.  This  changes  the  no-flow  boundary  condition  commonly  found 
in  air-valved  systems  with  one  that  allows  additional  flow  expansion  towards 
the  engine  inlet.  In  order  to  compare  the  measured  ps  for  this  system  with  an 
expected  closed-end  tube  scenario,  the  following  expansion  relationship  may  be 
used  which  predicts  the  effective  ps  on  the  head  wall  of  a  closed-end  combustor: 


P3  =P2 


272/(72-1) 


(9) 


where  72  is  the  postcombustion  specific  heat  ratio  and  P2  is  the  postdetona¬ 
tion  pressure  before  any  expansion  occurs  behind  the  wave.  The  pa  measured 
for  the  ethylene-air  mixture  in  Fig.  7  was  found  to  be  approximately  60  psig 

(413,550  Pa).  The  corresponding 


Figure  8 
mixture:  1 
ratio;  3  — 


Detonation  properties  of  JP- 10-air 
—  detonation  velocity;  2  —  pressure 
temperature  ratio;  4  —  head-end 


pressure  ratio  (fixed  7  assumed  at  (/>  —  1.0) 


P3  for  a  closed  head-end  combus¬ 
tor  with  the  same  predetonation 
conditions  would  be  93  psig 
(643,244  Pa).  The  reduction  in 
effective  p3  is  approximately  35%. 
The  pressure  traces  in  Fig.  7  were 
for  an  air  mass  flow  rate  of 
0.14  kg/s  and  the  20%-porosity 
inlet  can  was  installed.  Although 
a  reduction  in  the  effective  head- 
end  pressure  is  viewed  as  a  neg¬ 
ative  effect,  the  gained  simplicity 
in  operation  of  a  valveless  design 
could  prove  more  valuable.  Com¬ 
pared  to  a  closed  head-end  sys¬ 
tem,  the  observed  blow  down  pro¬ 
cess  appears  to  be  slightly  longer 
in  duration  due  to  the  expansion 
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FlgiirG  9  Pressure  time  traces  for  a  J P-10— air  detonation  in  main  combustor.  Air 
flow  0.30  kg/s;  equivalence  ratio  <^  =  1.5;  predetonator  wave  velocity  1925  m/s;  primary 
wave  velocity  1890  m/s.  1  —  predetonator  No.  2;  2  —  main  tube  No.l;  3  —  main 
tube  No.  2;  4  —  predetonator  No.  1 


of  pressure  towards  the  inlet  manifold.  It  may  be  possible  to  take  advantage  of 
this  effect  to  provide  additional  thrust. 

The  detonation  properties  for  JP-10  and  air  are  shown  in  Fig.  8.  The  prop¬ 
erties  presented  in  Fig.  8  were  obtained  using  TEP  which  does  not  account  for 
finite-rate  chemical  kinetics  and  assumes  that  all  of  the  fuel  is  in  a  vaporized 
state.  The  expected  head-end  pressure  for  a  closed-end  combustor  is  also  pre¬ 
sented,  but  a  gamma  which  occurs  at  an  equivalence  ratio  of  one  was  used  for 
simplicity  to  calculate  the  head-end  pressure  for  the  range  of  equivalence  ratios 
plotted. 

The  detonation  behavior  of  the  JP- 10-air  composition  proved  to  be  more 
complex  than  that  of  the  ethylene-air  mixture.  As  the  engine  inlet  temperature 
and  the  percent  of  fuel  vaporized  increased,  the  observed  detonations  increased. 
A  sample  trace  of  a  JP- 10-air  detonation  is  shown  in  Fig.  9  for  an  engine  inlet 
temperature  of  425  K. 

For  this  case,  the  fuel  was  completely  vaporized  before  initiation.  The 
pressure-time  traces  can  be  seen  to  be  well-behaved  and  resemble  that  for  the 
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FigurG  10  Pressure-time  traces  for  a  JP- 10-air  aerosol  detonation  at  two  combustor 
•locations.  Air  flow  0.30  kg/s;  inlet  temperature  380  K;  equivalence  ratio  ~  1.5; 
predetonator  wave  velocity  2010  m/s;  primary  wave  velocity  1800  m/s.  J  main  tube 
No.  1;  2  —  main  tube  No.  2 


gaseous  ethylene-air  runs.  As  the  engine  inlet  temperature  decreased,  the  in¬ 
jected  fuel  did  not  completely  vaporize  before  initiation  and  therefore  a  two-phase 
condition  was  present  at  initiation.  The  pressure  traces  in  the  main  combustor 
for  this  condition  are  shown  in  Fig.  10  and  reveal  a  high  degree  of  random  noise 
existing  at  the  first  transducer  in  the  main  combustor.  This  type  of  pressure  trace 
has  previously  been  observed  with  transitioning  detonation  waves  and  it  can  be 
seen  that  by  the  next  transducer  the  wave  has  apparently  reached  a  steady-state 
condition  exhibiting  much  more  regular  structure  behind  the  wave.  This  in¬ 
let  temperature  was  the  lower  limit  for  successful  detonations.  Detonations  for 
JP-lO-air  mixtures  were  not  observed  below  engine  inlet  temperatures  of  around 
375  K,  possibly  due  to  an  insufficient  amount  of  fuel  vapor  present  to  support 
the  wave.  Of  the  successful  detonations  that  were  observed,  the  detonation  wave 
speeds  were  generally  within  2%  of  the  expected  Chapman-Jouguet  values.  This 
result  appears  to  indicate  that  although  a  portion  of  the  fuel  was  in  a  liquid 
state,  enough  fuel  vapor  was  present  to  initiate  a  reaction  and  result  in  rapid 
heating,  vaporization,  and  reaction  rates  behind  the  shock  wave  to  produce  near 
Chapman-Jouguet  velocities. 
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4  CONCLUDING  REMARKS 


The  detonation  of  a  two-phase  JP- 10-air  mixture  has  been  demonstrated  on  a 
continuous  air-flow  geometry  for  fully  vaporized  and  partially  vaporized  aerosols 
possessing  SMD  values  below  3  fim  and  a  fuel  vaporization  value  of  at  least  70%. 
Although  the  governing  property  of  the  mixture  has  not  yet  been  determined 
(i.e.,  vapor  content  or  SMD),  it  is  believed  that  the  vaporized  component  is 
the  major  property  which  allows  the  successful  propagation  of  the  two-phase 
detonation  waves. 

The  observed  head-end  pressures  for  the  continuous  air-flow  geometry  appear 
to  be  approximately  30%-35%  below  a  comparable  closed  head-end  system.  The 
slightly  longer  blow  down  process  after  a  cycle  may  be  exploited  in  a  future 
system  to  provide  additional  thrust. 

Current  work  involves  the  imaging  of  JP-lO-air  detonation  waves  propagat¬ 
ing  through  conditions  similar  to  those  described  in  this  paper.  Framing  rates 
as  136,000  frames  per  second  will  be  utilized  for  both  Schlieren  and  fluorescent 
imaging  of  the  wave  propagation  in  these  mixtures.  Efforts  are  also  underway 
which  will  evaluate  alternative  predetonator  designs  as  well  as  additional  tran¬ 
sition  geometries  from  the  predetonator  unit  to  the  main  combustor  to  promote 
more  reliable  JP-lO-air  detonations.  Replacement  of  the  fuel  injectors  is  also 
planned  which  will  allow  more  accurate  metering  of  the  fuel  flow  over  a  wider 
operational  temperature  range. 
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A  NEW  APPROACH 
TO  ORGANIZING  OPERATION  CYCLES 
IN  PULSED  DETONATION  ENGINES 


V.  A.  Levin,  J.N.  Nechaev,  and  A.L  Tarasov 


A  new  approach  to  solving  the  problem  of  pulsed  detonation  engines 
(PDE)  has  been  proposed.  The  approach  is  distinguished  by  total  ab¬ 
sence  of  mechanical  valves  and  special  ignition  systems.  The  pulsation 
process  in  such  an  engine  is  initiated  by  generating  high-frequency  self¬ 
oscillations  in  a  gas-dynamic  resonator.  The  resonator  is  periodically 
filled  with  a  specially  prepared,  nonequilibrium,  exothermically  reacting 
fuel-air  mixture.  The  heat  enhancing  the  oscillation  amplitude  is  re¬ 
leased  in  the  course  of  detonation-like  combustion.  The  results  of  model 
experiments  are  reported. 


1  INTRODUCTION 


Transition  from  the  thermodynamic  cycle  with  heat  deposition  under  the  con¬ 
stant  pressure  (p  =  const)  to  the  cycle  with  heat  deposition  under  the  constant 
volume  {v  =  const)  is  one  of  possible  ways  to  improve  the  efficiency  of  aircraft 
engines.  Theoretical  studies  have  proved  that  this  would  result  in  achieving  the 
increase  of  the  cycle  efficiency  by  the  factor  of  1.3  to  1.5.  For  several  decades, 
the  attempts  were  made  to  implement  the  theory  of  the  pulsed  engines  (based 
on  the  V  =  const  concept)  into  practice,  but  they  did  not  succeed  so  far.  This 
is  attributed  to  the  complexity  of  the  design,  inertia  and  low  passing  capability 
of  mechanical  valves  in  these  engines,  as  well  as  to  low  combustion  velocities 
attained.  The  above  turned  to  be  the  main  reasons  for  low  impulse  frequencies, 
high  thermal  and  vibration  loads,  elevated  noise  level,  and  finally  the  unsatis¬ 
factory  engine  performance  as  a  whole. 

Nowadays,  the  interest  in  engines  with  periodic  fuel  combustion  has  been 
increased  in  view  of  a  prospective  to  apply  the  detonation  mode  of  combus- 
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tion.  Recent  studies  of  pulsed  detonation  engines  (PDE)  resulted  in  a  number  of 
patents.  The  common  feature  of  existing  engine  concepts  is  the  use  of  detonation 
tubes  and  suction  valves  [1].  These  design  components  do  not  allow  to  increase 
the  impulse  frequency  beyond  a  certain  limit,  and  hence  may  not  be  right  solu¬ 
tions  for  overcoming  a  number  of  disadvantages  typical  for  conventional  pulsed 
engines.  A  new  approach  to  arrange  the  operation  process  in  a  PDE  is  presented 
here.  To  the  best  of  authors’  knowledge,  this  does  not  have  any  similarity  with 
other  available  designs. 


2  IDEAL  THERMODYNAMIC  CYCLE  IN  PDE 

The  ideal  thermodynamic  cycle  of 
the  engine  with  the  pulsed  fuel  com¬ 
bustion  (EPFC)  is  not  identical  to 
V  ==  const  cycle.  Figure  1  is  the  p-v- 
diagram  of  p  =  const  (1-2-3-4),  v  = 
const  as  well  as  the  ideal 

PDE  (1-2-3" -4")  cycles.  The  ini¬ 
tial  compression  (adiabate  1-2)  is  as¬ 
sumed  similar  for  all  the  cycles  un¬ 
der  consideration.  Processes  2-5, 
2-3'  and  2-3"  pertain  to  the  heat  de¬ 
position  stage:  qi  for  isobaric,  q[  for 
isochoric,  and  q"  for  detonation  proc¬ 
esses.  Irrespectively  of  the  process, 
the  values  of  qi  are  determined  by 
the  formula  =  Hu/o^Lq,  where  Hu 
is  the  fuel  combustion  heat,  o  is  the 
air-fuel  ratio,  and  Lq  is  the  stoichi- 
Figiire  1  Thermodynamic  cycles  in  ometric  coefficient.  The  actual  ef- 
p-v  coordinates  fectiveness  of  the  amount  of  thermal 

energy  converted  during  the  cycles, 
Ic,  is  characterized  by  the  cycle  areas  in  the  p-v-diagram,  while  the  efficiency  is 
treated  in  terms  of  the  thermal  efficiency  ratio  rjt  =  Ic/qi- 

Tables  1  to  3  present  the  computational  results  for  the  cycles.  It  allows 
to  compare  the  cycles  by  the  values  of  Iq  and  rp.  Maximum  values  of  pres¬ 
sure  and  temperature  are  also  presented  in  Tables  1  to  3.  The  computations 
were  performed  for  the  initial  compression  ratio  tt  =  P2/P1  equal  to  5,  15, 
and  30.  The  estimations  were  made  for  the  kerosene-air  mixture  with  Hu  — 
43,000  kJ/kg,  Lq  =  14.8,  and  a  =  1  as  the  reactive  medium.  In  this  case. 
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Table  1  Parameters  of  the  Brayton  cycle 


P2/P1 

T3,  K 

P3,  kPa 

T,,  K 

h,  MJ/kg 

Vt 

5 

2720 

500 

1880 

0.89 

0.31 

15 

2840 

1520 

1510 

1.33 

0,46 

30 

2940 

3040 

1340 

1.56 

0.54 

Table  2  Parameters  of  the  Humphrey  cycle 


P2/P1 

pUpi 

^3,  K 

p's,  kPa 

T4',  K 

I'c,  MJ/kg 

Vt 

5 

40 

3440 

4944 

1450 

1.42 

0.50 

15 

100 

3530 

11250 

1220 

1.7 

0.59 

30 

170 

3630 

19000 

1100 

1.85 

0.64 

Table  3  Parameters  of  the  PDE  cycle 


P2/P1 

T3",  K 

Pz,  kPa 

Tl',  K 

Ic,  MJ/kg 

Vt 

M2 

D2,  m/s 

5 

3860 

9670 

1400 

1.48 

0.53 

5.23 

2060 

15 

3990 

21820 

1190 

1.75 

0.62 

4.65 

2080 

30 

4100 

36640 

1070 

1.89 

0.67 

4.32 

2100 

—  q'l  —  Hu/Lq.  The  ratio  of  specific  heats  k  was  assumed  constant 
and  equal  to  1.3,  Conditions  for  point  1  in  Fig.  1  are  standard:  Ti  =  288  K 
Pi  =  101,325  Pa. 

The  computations  for  the  Brayton  (p  =  const)  and  Humphrey  {v  =  const) 
cycles  were  performed  applying  the  well-known  thermodynamic  relationships. 
For  the  cycle  v  =  const,  the  pressure  ratio  P3/P1  attains  the  value  of  40-170 
depending  on  tt,  and  the  gas  temperature  reaches  3400-3600  K.  This  is  about 
700  K  higher  than  that  for  the  p  =  const  cycle.  At  elevated  tt,  the  gains  in  r}t  are 
slightly  reduced:  from  60%  at  tt  =  5  to  30%  at  tt  =  15,  and  about  20%  at  tt  =  30. 
This  comparison  demonstrates  a  potential  for  a  considerable  improvement  of  the 
engine  efficiency  by  using  the  v  =  const  cycle. 

Available  studies  of  processes  in  engines  with  detonative  combustion  of  fuel 
are  far  from  being  complete.  The  analyses  are  usually  based  on  the  classical  det¬ 
onation  theory,  where  detonation  is  treated  as  a  complex  structure  comprising  a 
thin  shock  wave  followed  by  the  exothermic  reaction  front  with  the  instant  com¬ 
bustion  process.  As  a  result,  a  shock-induced  combustion  process  is  considered, 
which  is  accompanied  with  a  significant  increase  in  pressure  and  temperature. 
The  detonation  waves  propagate  in  combustible  mixtures  at  supersonic  speeds 
of  1500-2000  m/s  or  more. 
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The  method  of  heat,  deposition  makes  the  difference  between  the  PDE  and 
V  =  const  cycles.  In  the  PDE  case,  the  heat  deposition  is  guided  by  the  shock 
adiabate  (Hugoniot  curve)  2-3".*  The  compression  process  results  in  the  pres¬ 
sure  increase  by  Ap  =  p"  -  P2  and  the  reduction  of  the  specific  volume  by 
Av  =  V2-  v'i  (Fig.  1).  Thus,  Ap/Av  =  plDl,  where  D2  is  the  speed  of  the 
detonation  wave  in  the  combustible  mixture  that  depends  on  the  parameters 
of  the  mixture  at  the  beginning  of  the  process  (state  2),  and  the  heat  release 
due  to  fuel  combustion,  qi.  Table  3  shows  the  corresponding  values  of  D2  and 
M2  =  D2/02  =  D2/^/tM2,  where  M2  is  the  Mach  number,  a  is  the  speed  of 
sound. 

It  follows  from  Table  3  that  the  PDE  cycle  is  characterized  with  higher  values 
of  pressure  and  temperature  at  point  3^^^  than  the  v  =■  const  cycle.  The  P3/P1  ra¬ 
tio  can  attain  the  values  of  80-330.  This  allows  to  achieve  a  significant  expansion 
of  the  combustion  products  that  is  impossible  for  traditional  cycles.  It  should  be 
pointed  out  that  the  predicted  values  of  temperature  T^'  are  within  3800-4000  K 
range,  i.e.,  even  higher  than  in  the  v  =  const  cycle,  while  the  exhaust  gas  tem¬ 
perature  T4'  is  significantly  lower.  This  proves  that  the  heat  of  combustion  can 
be  used  more  effectively.  To  summarize  the  analysis,  the  detonation  combustion 
has  more  advantages  as  compared  to  combustion  at  constant  volume. 

In  the  available  literature,  there  are  studies  of  another  way  of  arranging 
engine  operation  with  detonative  combustion,  known  as  inverted  [3].  The 
impingement  of  shock  waves  with  the  obstacle  generates  a  substantial  additional 
pressure  increase  that  can  serve  as  a  basis  for  detonation  onset.  The  head- 
end  surface  of  the  combustion  chamber  is  an  obstacle  reflecting  the  wave,  so 
that  the  detonation  arises  at  a  sufficient  distance  from  this  surface 
outer  boundary  of  the  filled  volume.  In  this  case,  the  detonation  wave  initially 
moves  in  the  direction  of  the  reflecting  surface,  where  the  fuel  combustion  occurs. 
Upon  reflection  from  the  surface  (in  the  form  of  a  shock  wave)  it  transfers  an 
additional  pressure  pulse  to  this  surface  (thrust  wall).  The  gain  in  the  thermal 
efficiency  is  obtained  due  to  the  additional  pressure  increase  that  might  reach 
3%  to  4%. 

Figure  2  presents  the  comparison  of  the  ideal  thermodynamic  cycles,  in  terms 
of  the  thermal  efficiencies  at  a  =  1.  The  thermodynamic  superiority  of  the 
Humphrey  cycle  and  particularly  the  PDE  cycle  over  the  Brayton  cycle  is  quite 
obvious.  The  highest  gain  in  rjt  is  achieved  at  low  values  of  tt.  For  example, 
at  TT  =  5  the  transition  from  the  Brayton  cycle  to  the  PDE  cycle  under  the 
adopted  conditions  improves  the  efficiency  by  70%,  while  at  ;r  =  30  the  gain 
reduces  to  30%.  Another  important  conclusion  can  be  drawn  on  the  basis  of  a 
comparison  of  the  thermodynamic  cycles.  A  fairly  low  tt  value  is  required  for 
the  cycles  v  ith  detonation  combustion  to  achieve  rjt  values  typical  for  modern 
gas  turbine  engines.  The  thermal  efficiency  equal  to  0.54,  for  example,  in  the 

*  Actually,  heat  deposition  occurs  along  the  corresponding  Reyleigh  line.  {Editors’  remarL) 
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Figure  2  Comparison  of  cycle  thermal  efficiencies:  1  —  Brayton  cycle,  2  — 
Humphrey  cycle,  3  —  PDE  cycle  (direct),  4  —  PDE  cycle  (inverted) 


Brayton  cycle  is  achieved  at  tt  =  30,  while  in  the  PDE  cycle  the  same  value  rjt 
is  reached  at  tt  =  5.  This  will  allow  high-pressure  compressors  to  be  eliminated 
in  PDE,  thus  the  engine  weight  would  be  reduced  and  the  engine  design  would 
be  simpler. 


3  A  NEW  APPROACH  TO  PDE 


The  design  implementation  of  the  thermodynamic  PDE  cycle  concept  faces  dif¬ 
ficulties  because  of  the  necessity  of  providing  the  appropriate  process  physics. 
The  new  approach  to  PDE  development  is  patented  [2,  9]  and  verified  by  model 
tests  [7],  It  differs  from  other  designs  by  the  absence  of  any  mechanical  valves  and 
any  impetuous  ignition  devices.  The  pulsed  operation  is  achieved  due  to  excita¬ 
tion  of  resonant  high-frequency  autooscillations  in  the  gasdynamic  resonator.  It 
is  periodically  filled  with  an  active  exothermic  fuel-air  mixture  (FAM).  The  heat, 
released  in  the  course  of  detonative  mixture  burning  induced  by  shock  waves 
travelling  in  the  resonator  cavity,  increases  the  amplitude  of  the  oscillations. 

Long-term  study  preceeded  the  development  of  PDE  thrust  models.  A  great 
number  of  gasdynamic  resonators  were  studied  along  with  the  methods  to  excite 
the  detonative  combustion  and  to  prepare  exothermic  reactive  mixture.  Devel¬ 
opment  of  PDE  model  thrust  devices  (TD)  was  based  on  the  following: 
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“  well-known  theoretical  concepts  of  the  pulse  processes, 

-  achievements  in  the  thermoacoustics  in  semiclosed  volumes, 

-  study  of  the  thrust  wall  effects  under  the  conditions  of  external  combustion, 
and 

-  data  on  the  detonation  of  fuel-air  mixtures  and  gasdynamic  processes  of 
nozzle  flows  [3-5]. 

The  developed  design  successfully  implements  the  above  concepts  and  prin¬ 
ciples.  Manufactured  high-frequency  resonance  detonation  devices  were  tested. 

Theoretical  studies  and  the  experience  gained  in  the  PDE  thrust  model  de¬ 
velopment  and  testing  led  to  improved  understanding  of  engine  operation,  devel¬ 
oping  general  requirements  to  arranging  the  processes  and,  in  particular,  FAM 
preparation  in  the  reactor,  and  the  high-frequency  detonative  combustion  in  the 
resonator  [8]. 


4  COMBUSTIBLE  MIXTURE  PREPARATION 
IN  THE  REACTOR 


The  combustible  mixture  was  prepared  to  combustion  in  the  reactor  by  its  acti¬ 
vation  to  decompose  its  molecules  into  chemically  active  components.  In  the  case 
of  hydrocarbon  fuels,  these  can  be  molecular  or  atomic  fragments.  The  induc¬ 
tion  time  (delay  of  heat  release)  and  the  relaxation  time  (heat  release  duration) 
of  excited  molecules  and  active  radicals  are  much  shorter  than  the  appropriate 
time  inherent  in  the  initial  (nontreated)  mixture.  Such  FAM  can  be  prepared  by 
arranging  the  combustion  process  in  two  stages  [7],  the  first  (preliminary)  stage 
is  performed  in  the  reactor.  It  encounters  initiation  of  the  preflame  processes 
characterized  by  a  low  heat  release  due  to  burning  of  highly-rich  FAM  (a  <  0.3- 
0.5)  in  the  reactor.  Due  to  oxidant  deficiency  and  a  short  residence  time  of 
the  mixture  in  the  first-stage  combustion  zone,  combustion  is  incomplete.  Af¬ 
ter  air  is  added  to  it  (to  a  desired  FAM  composition),  the  mixture  enters  the 
resonator  in  an  excited  state  and  the  second-stage  detonative  combustion 
starts. 

Fuel  treatment  is  important  and  is  achieved  by  its  preheating,  mixture  enrich¬ 
ment  and  thermal  decomposition  (thermal  degradation  of  fuel  in  special  heat- 
exchangers  or  jackets  used  to  cool  the  engine).  Preheating  up  to  high  temper¬ 
atures  can  also  assist  to  decompose  fuel  into  active  components.  However  the 
preheating  temperature  of  hydrocarbon  fuels  is  limited  by  onset  of  their  coking 
(for  kerosene,  this  temperature  is  approximately  700  ®C). 
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It  is  important  to  save  the  active  energy  carriers  or  “to  freeze”  the  ener¬ 
getic  species  while  the  activated  FAM  travels  from  the  reactor  to  the  detonative 
combustion  zone.  The  latter  zone  should  be  short  in  length  and  in  time.  “Freez¬ 
ing”  of  the  species  can  be  achieved  under  the  negative  temperature  gradient  (for 
example,  in  an  accelerating  flow). 

Fuel  and  FAM  can  be  affected  by  magnetic,  electric,  plasma-chemical,  acous¬ 
tic  and  other  factors  in  addition  to  thermal  ones  at  the  stage  of  their  preparation 
for  high-frequency  combustion.  Chemical  effects  (introduction  of  active  additives 
and  catalysts)  can  be  used  as  well.  This  is  the  subject  of  future  study.  It  should 
be  noted  that  FAM  activation  by  partial  fuel  combustion  in  the  reactor  requires 
supply  of  some  heat  under  p  —  const.  Hence  this  approach  is  less  beneficial 
compared  to  other  methods,  because  the  heat  amount  delivered  to  the  FAM  is 
reduced  during  the  second-stage  process  —  detonative  combustion. 


5  HIGH-FREQUENCY  DETONATIVE  COMBUSTION 
IN  THE  RESONATOR 


High-frequency  resonant  detonative  combustion  chamber  —  resonator  cavity  — 
is  another  very  important  component  of  the  PDF.  It  is  possible  to  outline  five 
critical  conditions  to  be  met  when  arranging  the  operation  process  in  the  res¬ 
onator  cavity  of  the  PDF  model  considered. 

1.  The  existence  of  the  semiclosed  cavity.  It  is  periodically  isolated  from  the 
outer  space  by  the  jet  curtain,  thus  protecting  the  internal  cavity  space 
from  the  outer  impacts,  retaining  the  gas  pressure  above  the  atmospheric. 
The  curtain  (gasdynamic  lock)  that  replaces  a  valve  device  can  be  ar¬ 
ranged  by  directing  supersonic  jet  flows  (for  example,  via  nozzles)  so  that 
they  periodically  block  the  outer  cross-section  of  the  cavity  [9].  Such  a 
gasdynamic  device  (as  the  studies  demonstrate)  excites  high-frequency  gas 
resonant  oscillations  even  with  no  combustion  (Hartmann— Shprenger  ef¬ 
fect),  The  frequency  of  these  oscillations  depends  on  the  geometry  of  the 
cavity  and  the  thermodynamic  gas  parameters  within  its  volume.  The 
gas  autooscillation  frequency  increases  as  the  cavity  size  decreases  and  the 
temperature  increases. 

2.  Periodic  supply  of  FAM  charges  (prepared  in  advance  in  the  reactor)  into 
the  semiclosed  cavity.  This  requires  either  a  separate  mixture  delivery 
device  into  the  cavity  space  or  the  arrangement  of  jets  in  such  a  way  that 
they  form  a  curtain  locking  the  semiclosed  cavity.  In  the  latter  case,  filling 
of  the  resonator  cavity  with  FAM  gives  rise  to  shock-wave  phenomena  that 
precompress  the  mixture  in  the  cavity  intended  to  be  filled  in. 
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3.  Iniiiaiion  of  the  deionaiive  combustion  process  is  achieved  by  shock  waves 
reflection  from  the  resonator  thrust  wall  at  the  outer  boundary  of  the 
filled  cavity  [4,  5].  In  this  case,  the  detonation  wave  forms  at  the  “focus,” 
travels  through  the  combustible  mixture  in  the  direction  of  the  operation 
surface  and  impinge  this  surface  (inverce  model).  The  detonation  process, 
besides  its  capability  of  self-igniting  the  mixture  (shock-wave  impact),  is 
characterized  by  the  capability  of  self-exciting  the  components  by  thermal, 
chemical  or  electrical  sources. 

The  dimensions  of  the  detonative  combustion  chamber  are  controlled  in  the 
first  place  by  the  requirement  of  FAM  detonation  stability  in  the  mode  of 
autooscillation  within  a  period  of  time  sufficient  to  implement  a  single  cycle 
of  a  required  duration.  The  smaller  the  combustion  chamber  the  higher 
the  oscillation  frequency.  Intervals  between  the  subsequent  cycles  decrease 
with  the  reduction  of  the  contact  time  between  FAM  and  the  combustion 
products  of  the  previous  cycle  (thus  FAM  is  ignited  right  in  time);  the 
noise  level  reduces  as  well.  A  small  size  of  the  combustion  chamber  exerts  a 
positive  effect  on  the  resistance  of  device  materials  to  thermal  and  vibration 
loads  when  operating  at  high  pressures  and  temperatures  and  under  cyclic 
loads.  In  particular,  the  combination  of  high-frequency  pulses  and  small 
dimensions  is  the  main  advantage  and  the  characteristic  feature  of  the 
thrust  devices  of  the  present  design  to  be  used  in  PDF. 

4.  Provision  of  further  filling  of  the  resonator  cavity  with  a  new  portion  of 
FAM.  In  the  inverce  device,  the  reflected  shock  wave  (after  the  reflec¬ 
tion  from  the  operation  surface)  destroys  the  gas  curtain  and  exhausts  the 
combustion  products  into  the  ambient  atmosphere.  The  velocity  of  the  gas 
flow  behind  the  shock  wave  front  is  somewhat  lower  than  the  velocity  of 
the  shock  wave  itself  (for  example,  if  M^  =  5,  Mp,  =  4.8).  This  is  what 
provides  the  supersonic  flow  of  the  combustion  products  from  the  resonator 
in  spite  of  the  fact  that  no  conventional  Laval  nozzle  is  used.  The  shock 
wave  is  followed  by  an  expansion  wave.  This  latter  wave  passes  through 
the  nozzle  devices  that  produce  the  gas  curtain  and  creates  conditions  for 
the  next  FAM  suction.  The  mixture  fills  the  cavity  and  forms  a  new  gas 
curtain  as  well. 

The  mixture  expands  at  the  resonator  exit  to  a  pressure  lower  than  the 
atmospheric  one.  This  can  result  in  suction  of  some  amount  of  atmospheric 
air  inside  the  cavity.  The  added  outer  air  is  not  allowed  to  reach  the  cavity 
space  of  filling  and  to  affect  the  combustion  process. 

5.  Providing  the  process  repeatition  (cyclic  nature).  The  sequence  of  stages  is 
as  follows:  filling  the  cavity  space  (suction),  mixture  precompression  by  the 
waves,  its  ignition  in  the  proper  time  and  detonative  combustion  with  an 
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instantaneous  pressure  and  temperature  increase,  exhaust  into  the  outer 
space,  and  then  preparation  and  supply  of  a  new  mixture  portion. 

The  aforesaid  can  be  implemented  in  practice  under  the  condition  that  all  of 
the  above  processes  are  combined  with  the  resonant  autooscillation  process  that 
occurs  in  the  resonator  cavity. 


6  MODEL  TESTING  OF  PDE  THRUST  DEVICES 

The  design  of  the  PDE  thrust  device  (TD)  incorporated  the  principles  presented 
in  Fig.  3  and  specified  in  [2,  9],  During  model  testing,  compressed  air  was 
supplied  to  reactor  3  at  a  required  pressure  from  the  compressed  air  source  — 
gas  generator  (GG).  Resonator  I  is  a  spherical  semiclosed  cavity  with  a  cut  in 
the  vicinity  of  which  the  annular  nozzle  2  is  installed.  Homogeneous  exother¬ 
mically  active  FAM  is  prepared  in  the  reactor.  Its  required  composition  is 
achieved  by  adding  the  proper  amount  of  air  to  the  products  of  partial  com¬ 
bustion. 


Figure  3  General  schematic  of  the  PDE  TD:  J  —  resonator  cavity;  2  —  annular 
nozzle;  3  —  reactor 


Though  there  are  no  reliable  theoretical  methods  for  assessing  the  efficiency 
of  the  TD,  experimental  study  proves  to  be  the  best  method  for  its  estima¬ 
tion.  Tests  were  run  on  special  test  benches  at  the  Institute  of  Mechanics  of 
the  Moscow  State  University,  the  Institute  of  Thermo-Nuclear  Development 
in  Troitsk  (Moscow  Region),  and  the  Institute  of  Mass  and  Heat  Transfer  in 
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Minsk  (Republic  of  Belarus).  Test 
benches  were  instrumented  to  mea¬ 
sure  and  visualize  pulse  gasdynamic 
processes  supplemented  by  thrust 
measuring  devices. 

To  preclude  impacts  of  oncom¬ 
ing  pulses  on  the  thrust  measure¬ 
ment,  the  air  was  supplied  to  the  re¬ 
actor  perpendicular  to  the  TD  sym¬ 
metry  axis.  Two  methods  were  used 
for  thrust  measurements:  strain 
gauges  and  differential  devices 
(comparing  the  measured  thrust 
with  the  thrust  of  a  calibrated  Laval 
nozzle).  The  results  of  both  meth¬ 
ods  turned  to  be  identical. 

The  geometry  and  parameters  of 
GG  were  partially  optimized  in  the 
course  of  testing  to  provide  stable 
resonance  pulses  and  effective  det- 
onative  combustion.  Kerosene  and 
acetylene  were  used  in  the  experi¬ 
ments  as  fuels.  The  nozzle  throat 
cross-section  area,  FAM  pressure 
at  the  reactor  exit  and  the  air- 
fuel  ratio  a  were  varied. 

Some  of  the  data  of  the  model 
PDE  GG  testing  are  shown  below. 
The  model  test  was  run  on  the  pulse  test  benches  of  the  Institute  of  Mechanics, 
the  Moscow  State  University,  with  acetylene  used  as  a  fuel. 

Figure  4  presents  the  design  of  the  test  bench.  The  device  is  designed  to 
directly  preactivate  FAM.  The  closed  cavity  1  serves  as  a  reactor  filled  with 
an  acetylene-air  mixture  of  the  required  composition  before  the  start.  The  di¬ 
aphragm  separates  it  from  the  annular  nozzle  2  and  resonator  cavity  3.  The  dia¬ 
phragm  is  burst  upon  mixture  ignition  by  an  electrical  igniter  due  to  the  pressure 
increase  in  cavity  1.  The  products  of  partial  combustion  are  released  via  the  an¬ 
nular  nozzle  and  enter  the  resonator  cavity.  Here,  under  favourable  conditions, 
the  high-frequency  fuel  detonative  combustion  might  be  accomplished  if  pressure 
Pm  (within  a  range  from  0.2  to  2  MPa)  drops  within  a  certain  period  of  time. 
Pressure  chamber  5  serves  as  a  cavity  for  the  combustion  products,  pressure  pn 
corresponds  to  the  pressure  at  a  given  altitude. 

The  following  parameters  are  monitored:  pressure  pm  in  front  of  the  annular 
nozzle  as  a  function  of  time,  pressure  pc  in  the  reactor  cavity,  thrust  P  and 


Figure  4  General  schematic  of  the  impulse 
test  bench:  1  —  reactor,  2  —  annular  nozzle, 
3  —  resonator  cavity,  4  —  diaphragm,  5  — 
thermal  pressure  chamber,  6  —  brackets,  7  — 
thrust  gauges 
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static  pressure  distribution  along 
the  resonator  surface  (not  shown 
in  Fig.  4). 

Figure  5  presents  time  histories 
of  pressures  and  pc  (a)  and 
thrust  P  (b)  which  were  observed 
during  the  model  tests.  The  di¬ 
ameter  of  the  resonator  cavity  out¬ 
let  cross-section  is  70  mm,  q  = 
Pc/Pt,s  ~  4  (Fc  and  Ft^s  are  the 
outlet  areas  of  the  resonator  and 
the  area  of  the  throat  cross-section 
of  the  annular  nozzle),  and  a  =  1. 
Pressure  pc  increases  as  pressure 
Pm  reduces.  Instantaneous  pcfpm 
values  attain  6-10  and  more,  while 
the  thrust  attains  the  values  of 
about  2000  N. 

Figure  6  presents  data  on  the 
reduced  thrust  P/Fcpm  averaged 
over  the  number  of  starts  as  a  func¬ 
tion  of  pressure  pm  at  various  a 
and  q.  Under  these  combustion 
conditions,  close  to  detonation,  the 
highest  thrust  values  were  ob¬ 
served  at  q:  =  1  and  ^  =  4.  Fur¬ 
thermore,  it  is  obvious  that  the 
process  effectiveness  improves  as 
pressure  pm  decreases.  These  data 
partially  published  in  [7]  serve  as 
a  confirmation  of  efficiency  of  the 
PDE  TD  model  considered.  The 
preliminary  thrust  data  present 
the  best  results  of  measurements 
(including  the  effects  of  GG  drive) 
and  prove  to  be  higher  than  for 
a  stoichiometric  turbojet  engine, 
the  development  of  which  requires 
much  more  efforts.  Oscillation  fre¬ 
quency  measured  in  the  resonator 
cavity  was  24-25  kHz.  This  cor¬ 
responds  to  the  acoustic  range  for 
the  designed  cavity  geometry  and 


ib) 


Figure  5  Measured  time  histories  of  pres¬ 
sures  pm  and  Pc  (a)  and  thrust  P  (6) 
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Figure  6  Reduced  thrust  P/FcPn,  at  various  a  at  g  =  4  (a)  and  various  g  at  a  =  1  (fc) 
as  a  function  of  the  instantaneous  pressure  pm 


the  temperature  of  the  combustion  products  of  2500-2600  K  [7].  Cold  tests  of 
the  models  under  the  same  pressure  at  the  inlet  were  accompanied  with  high- 
frequency  autooscillations,  however  their  frequency  was  about  7.5  kHz. 

The  lack  of  a  direct  gas  flow  metering  equipment  is  a  weak  point  of  the  pulse 
test  bench.  Estimation  of  device  design  requires  the  knowledge  of  temperature 
at  the  annular  nozzle  throat  which  has  not  been  measured.  (It  depends  on  the 
amount  of  heat  released  within  the  first  stage  of  combustion.  This  presents  a 
difficulty  in  estimating  the  specific  thrust  at  the  pulse  test  bench.) 


7  PHYSICS  OF  THE  OPERATION  PROCESS 

The  operation  process  is  schematically  depicted  in  Fig.  7.  It  is  based  on  the 
“cold”  (without  fuel  supply)  and  “hot”  model  tests,  pulse  flow  parameter  meas¬ 
urements,  visualization  of  the  gasdynamic  patterns  and  an  analysis  of  the  shad¬ 
owgraphs  taken  on  fiat  and  axisymmetrical  models,  all  recorded  by  a  high-speed 
camera  (Fig.  7). 
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Figure  7  Schematic  presentation  of  the  operation  process  physics  occurring  in  a  PDE 
resonator  cavity 


Chemically  active  FAM,  prepared  in  the  reactor  enters  the  annular  nozzle  2 
(Fig.  3),  where  its  flow  ‘‘is  being  frozen,”  produces  the  gas  curtain  and  supplies 
the  combustible  mixture  into  the  resonator  cavity.  While  the  resonator  cavity  1 
is  being  fllled  with  the  combustible  mixture  (the  suction  process,  Fig.  7a)  due 
to  a  supercritical  pressure  drop  in  the  annular  nozzle  2,  the  axisymmetrical 
supersonic  jet  moves  in  the  direction  towards  the  resonator  axis.  At  the  instant 
wnen  it  reaches  the  resonator  axis  area  (at  the  complete  blockage  of  the  cavity 
volume  1  by  the  supersonic  flow)  a  complicated  shock  wave  pattern  forms.  For 
simplicity,  in  Fig.  76  it  is  presented  in  the  form  of  a  single  shock  wave  (SW).  The 
combustible  mixture  is  compressed  twice  by  this  shock  wave  and  by  the  reflected 
wave  afterwards  (Fig.  7c)  (the  compression  process  is  accomplished). 

The  shock  wave  reflected  from  the  resonator  spherical  surface  is  focused 
in  some  area  (named  “Focus”  in  Fig.  7c)  at  the  outer  boundary  of  the  cav¬ 
ity  which  is  filled  with  FAM.  The  pressure  and  temperature  in  this  area  rise 
to  values  sufficient  to  ignite  the  combustible  mixture  and  produce  the  flame 
ball.  The  reaction  zone  moves  towards  the  thrust  wall  cis  a  detonation  wave 
(Fig.  7d). 

The  detonative  combustion  process  proceeds  at  high  supersonic  velocities. 
This  explains  why  the  cycle  takes  an  extremely  short  period  of  time  (20-40  fis). 
In  other  words,  the  detonation  wave,  which  moves  through  the  combustible  mix¬ 
ture  towards  the  resonator  bottom,  acts  as  an  aerodynamic  piston  increasing 
the  temperature  and  pressure  of  the  mixture  due  to  almost  instantaneous  fuel 
combustion.  If  compared  to  a  piston  engine,  this  thermodynamic  cycle  phase  is 
an  equivalent  of  the  “operation  stroke.” 
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The  detonation  wave  interacts  with  the  resonator  thrust  wall  surface  as  an 
obstacle  and  produces  an  impulse  of  excess  pressure  forces.  Then,  simultane¬ 
ously  with  the  shock  wave  reflection  (Fig.  7e),  the  jet  curtain  is  broken  and  the 
flow  of  the  combustion  products  starts.  Shock  wave  reflection  is  followed  by 
the  expansion  wave  (Fig.  7e).  It  provides  suction  of  a  new  portion  of  the  com¬ 
bustible  mixture  when  departing  from  the  annular  nozzle.  Then  the  entire  cycle  is 
repeated. 


8  CONDITIONS  AND  AREAS  OF  APPLICATION 

Effect  of  flight  conditions  on  the  stability  of  PDE  GG  operation  calls  for  fur¬ 
ther  studies.  However  it  has  been  noticed  during  the  tests  that  under  the 

—  const  (Fig.  3)  condition,  decreasing  the  pn  pressure  in  a  thermal  pres¬ 
sure  chamber  (flight  conditions  simulation)  considerably  changed  the  GG  per¬ 
formance;  whereas  changes  in  the  pm  pressure  affected  the  combustion  stability. 
Hence  it  was  inferred  that  the  considered  GG  can  retain  its  performance  under 
various  flight  conditions  at  =  const.  The  thrust,  the  airflow  and  all  specific 
parameters  of  GG  will  remain  unchanged  in  this  case  [8]. 

A  special  turbo-compressor  unit  in  GG  function  is  needed  to  provide  the 
required  volume  of  air  to  the  TD  at  the  required  pressure  level  if  planned  to  be 
installed  in  an  aircraft.  To  comply  with  the  pm  =  const  condition  under  various 
flight  conditions,  the  power  unit  with  PDE  is  to  be  designed  with  several  GG 
units,  each  of  them  is  intended  to  operate  several  TD.  The  thrust  control  of  the 
power  unit  under  flight  conditions  is  achieved  by  shutting  an  appropriate  TD 
(and,  if  possible,  appropriate  GG)  provided  the  operation  modes  of  the  rest  of 
TD  remain  invariable.  Shutting  down  of  appropriate  TD  groups  is  required  first 
of  all  under  the  cruise  aircraft  mode  as  the  required  cruise  thrust  is  much  smaller 
than  the  take-off  thrust.  The  total  number  of  GG  and  TD  must  be  sufficient 
to  provide  the  required  thrust  under  all  flight  conditions  by  their  starting  and 
shutting-down. 

Meeting  of  the  pm  =  const  condition  during  operation  of  PDE  TD  under 
different  flight  conditions  should  be  treated  as  an  extreme  requirement.  It  is  to 
be  considered  in  the  case  of  TD  operation  failure  under  transient  pressures  at 
the  inlet.  An  appropriate  solution  to  be  found  for  the  thrust  control  of  specific 
TD  when  the  fuel  supply  is  changed.  The  requirement  to  meet  the  pm  =  const 
condition  presents  two  difficulties: 

“  first,  thrust  measurement  under  the  flight  conditions  is  required  only  when 
a  specific  TD  is  shut-down  and,  as  a  result,  will  be  discrete; 

-  second,  to  ensure  TD  operability  under  pm  =  const  conditions,  the  pressure 
rise  ratio  of  the  air  supplied  from  GG,  tt*,  should  be  changed  within  a  wide 
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range  which,  at  the  designed  pressure  depends  on  the  flight  speed  and 
altitude.  Currently  existing  gas  turbine  engines  of  most  of  aircraft  models 
fail  to  provide  the  needed  tt*  change. 

Thus,  GG  models  of  a  completely  different  design  are  required.  One  of  such 
potential  GG  designs  (with  an  air  bypass)  was  presented  in  [8]. 

Though  the  model  testing  proved  to  be  quite  successful,  the  development  of 
PDE  power  units  is  associated  with  a  substantial  technical  risk  at  present.  This 
stems  from  an  extreme  complexity  operation  of  these  engines  and  the  difficulty 
of  its  study  by  conventional  methods  of  mathematical  and  physical  modeling. 
However,  the  anticipated  benefits  of  application  of  these  engines  in  aviation  are 
so  promising  that  appropriate  investments  in  their  further  development  and  labor 
efforts  will  pay  back. 


9  CONCLUDING  REMARKS 


1.  The  thermodynamic  analysis  demonstrates  that  transfer  from  p  =  const 
cycle  to  mixture  detonation  increases  the  thermal  engine  efficiency  aver- 
age  by  a  factor  of  more  than  30%-50%,  depending  on  the  preliminary  air 
compression  ratio. 

2.  The  new  approach  to  arranging  the  operation  process  of  high-frequency 
resonance  pulsed  detonation  engines  is  described  that  has  been  verified 
by  model  test  results.  A  study  of  patents  and  relevant  previous  activities 
proved  that  the  approach  has  no  analogs. 

3.  The  physical  model  of  operation  of  a  single  thrust  module  of  a  high- 
frequency  pulsed  detonation  engine,  developed  on  the  basis  of  model  test 
results,  adapted  to  the  conditions  of  resonance  high-frequency  oscillations 
and  the  specifics  of  the  detonation  processes  is  quite  trustworthy  and  can 
be  used  to  formulate  mathematical  models. 
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CHAMBER  FOR  PDE 


D.  I.  Baklanov,  L.  G.  Gvozdeva,  and  N.  B.  Scherbak 


The  detonation  in  a  gas-fueled  chamber  of  variable  cross-section  op¬ 
erating  in  a  periodic  mode  is  described.  The  frequency  performances 
for  stoichiometric  propane-oxygen,  methane-oxygen,  hydrogen-oxygen, 
and  hydrogen-air  mixtures  are  estimated.  The  ways  to  increase  the 
repetition  frequency  of  detonation  waves  are  analyzed.  Operation  of 
the  detonation  chamber  of  variable  cross-section  using  methane-oxygen 
mixture  at  frequencies  from  0.5  to  2  Hz  is  discussed. 


1  INTRODUCTION 

Detonative  mode  of  combustion  provides  energy  release  at  faster  rates,  and  is 
extensively  investigated  for  propulsion  in  recent  years  world-wide  [1,  2],  The 
realization  of  a  detonative  combustion  for  practical  purposes  is  possible  by  us¬ 
ing  a  detonative  combustion  chamber  operating  in  a  pulsed  mode.  For  practi¬ 
cal  applications,  pulsed  detonation  appears  to  be  the  preferred  mode  of  opera¬ 
tion  [3]. 

In  the  present  work,  the  results  of  investigations  of  different  regimes  of  a 
detonative  combustion  chamber  (DCC)  are  reported. 


2  DETONATIVE  COMBUSTION  CHAMBER 

The  design  of  the  combustion  chamber  depends  on  the  particular  application 
considered.  Two  basic  types  of  chambers  were  used: 
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Figure  1  Detonative  combustion  chamber  of  variable  cross-section.  1  —  spark  plug, 
2  —  detonation  formation  section,  3  —  expanding  cone,  4  —  main  chamber,  5  — 
converging  cone,  6  —  working  section;  a-k  —  locations  of  pressure  gauges  and  photo 
diodes 


(1)  a  chamber  with  constant  cross-section,  and 

(2)  a  chamber  with  variable  cross-section. 

The  chamber  with  variable  cross-section  is  shown  in  Fig.  1.  Oxidizer  and 
fuel  are  supplied  separately  into  a  long  and  narrow  tube  2,  where  mixing  and 
transition  from  deflagration  to  detonation  occur.  Rotameters  were  used  to 
measure  the  mass  flow  rates  of  gases  in  the  feed  manifold.  For  igniting  the 
combustible  mixture  and  controlling  the  frequency  of  detonation  waves,  a  spe¬ 
cial  ignition  unit  1  was  used.  It  included  a  spark  plug  and  an  electronic  ig¬ 
nition  system,  similar  to  that  applied  in  automobile  internal  combustion  en¬ 
gines. 

The  tube  2  has  a  diverging  part  3  for  transmitting  detonation  to  the  main 
chamber  4.  In  order  to  obtain  a  slightly  overdriven  detonation,  a  convergent 
section  5  is  added  to  the  main  chamber.  Pressure  transducers  and  photodiodes 
were  mounted  at  sections  a,  6,  c,  d,  e,  /,  g,  h,  and  k  shown  in  Fig.  1.  The 
chamber  has  the  following  dimensions;  a  tube  2  is  16  mm  in  diameter  and  3  m 
long,  the  main  chamber  4  is  65  mm  in  diameter  and  1  m  long,  the  angle  of  a 
diverging  part  is  16®,  the  angle  of  a  converging  part  is  40®.  In  the  experiments, 
propane-oxygen  and  methane-oxygen  mixtures  were  used.  The  chamber  is  ca¬ 
pable  of  operating  in  a  periodic  mode.  After  ignition  of  the  entering  mixture 
by  a  spark,  detonation  forms  in  a  prechamber  2,  and  passes  to  the  main  cham¬ 
ber  4  causing  expansion  of  the  combustion  products.  Then  the  chamber  is  filled 
again  and  the  cycle  repeats.  The  fact  that  the  chamber  operates  in  a  detonation 
mode  has  been  confirmed  by  pressure  measurements.  The  arising  pressure  wave 
was  the  Chapman-Jouguet  (CJ)  detonation  that  was  slightly  overdriven  at  the 
exit. 
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With  forced  cooling,  a  frequency  of  /  =  92  ±  1  Hz  was  obtained  by  using 
the  above  described  DCC.  Without  cooling,  it  was  possible  to  attain  stable 
operation  of  DCC  at  frequencies  up  to  2  Hz.  The  stable  operation  of  the  chamber 
in  a  periodic  mode  was  obtained  by  using  a  unique  feed  system  for  fuel  and 
oxygen. 


3  OPERATION  PRINCIPLE 
OF  GASDYNAMIC  VALVES 

A  unique  feature  of  the  DCC  is  that  it  does  not  contain  mechanical  valves,  rather 
the  so-called  gasdynamic  valves  are  used. 

The  gasdynamic  valves  in  fuel  and  oxidizer  feed  lines  are  the  basic  elements 
providing  DCC  operation  in  a  pulse  mode  [4].  The  valves  overlap  with  a  desired 
frequency  and  prevent  uncontrolled  ignition  of  fresh  portions  of  the  combustible 
mixture  by  the  combustion  products  of  the  previous  cycle.  This  is  achieved  by 
cooling  the  combustion  products  in  the  feed  lines  to  the  temperature,  at  which 
the  explosion  induction  period  of  a  new  portion  of  combustible  mixture  exceeds 
the  time  of  contact  with  cooled  combustion  products.  A  failure  of  the  above 
requirement  leads  to  ignition  of  the  combustible  mixture  by  the  combustion 
products  of  the  previous  cycle  rather  than  by  an  external  source.  In  this  case,  it 
is  not  possible  to  obtain  controlled,  periodic,  detonative  combustion,  and  DCC 
operates  in  a  conventional  combustion  mode. 

The  operation  principle  of  gasdynamic  valves  is  illustrated  in  Fig.  2.  The 
essence  of  this  principle  is  in  creating  the  separating  gas  volume  between  the 
fresh  combustible  mixture  3  and  hot  detonation  products  5,  The  DCC  oper¬ 
ation  cycle  starts  from  filling  the  chamber  with  fuel  and  oxidizer  1  (Fig.  2a). 
Ignition  of  the  mixture  by  an  electric  spark  2  results  in  combustion  followed  by 
transition  to  detonation,  which  propagates  towards  the  DCC  open  end  (Fig.  26). 
The  pressure  inside  the  combustion  chamber  increases  above  the  pressure  in¬ 
side  the  fuel  and  oxidizer  feed  manifolds.  Combustion  products  penetrate  into 
the  feed  lines  and  interrupt  the  flow  of  fuel  and  oxidizer  to  the  DCC  (aero¬ 
dynamic  valves  are  closed).  After  the  detonation  wave  reaches  the  DCC  open 
end,  the  rarefaction  wave  propagates  into  the  detonation  products.  At  a  certain 
time,  this  rarefaction  wave  reaches  the  contact  boundary  between  the  combus¬ 
tion  products  and  fuel  and  oxidizer  inside  the  corresponding  feed  manifolds  and 
terminates  the  expansion  of  the  combustion  products  into  the  feed  manifolds 
(Fig.  2c)  (aerodynamic  valves  are  open).  After  this  moment  all  gases  propagate 
towards  the  DCC  open  end.  Uncontrolled  ignition  of  the  combustible  mixture 
is  prevented  by  the  combustion  products  6  cooled  in  the  feed  lines  (Fig.  2d). 
Thereafter,  the  DCC  is  filled  with  combustible  mixture  again  and  the  cycle  is 
repeated. 
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(c) 


(d) 


Figure  2  Operation  cycle  of  a  cletonative  combustion  chamber:  I  fuel  and  oxi¬ 
dizer  feed  manifolds,  2  —  spark  plug,  3  —  fresh  combustible  mixture,  4  —  explosion 
chamber,  5  —  hot  combustion  products,  and  6  —  cold  combustion  products 


After  ignition  of  the  combustible  mixture,  the  following  characteristic  times 
of  processes  contribute  to  the  cycle  duration: 

ti  —  period  of  detonation  formation; 

t2  —  period  of  detonation  propagation  inside  the  DCC; 

^2  —  period  of  adiabatic  expansion  of  combustion  products  from  DCC; 

_  period  of  outflow  of  combustion  products  from  the  fuel  and  oxidizer 
feed  manifolds; 

^5  —  period  of  DCC  filling  with  the  combustible  mixture. 
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Table  1  Influence  of  pressure  inside  feed  manifolds,  P/,  on  the  characteristic 
times  determining  the  PDE  cycle  frequency 


Pf,  kPa 

ti,  ms 

<2,  ms 

h,  ms 

^4,  ms 

ts,  ms 

/.  Hz 

2.5 

1.1 

0.3 

1.42 

132 

91.2 

226 

4.25 

294 

1.1 

0.3 

1.42 

3.33 

4.66 

10.86 

92 

Thus,  the  frequency  of  DCC  operation  depends  on  the  following  basic  param¬ 
eters:  combustion  chamber  length  Ice,  its  diameter  dec,  length  /;  of  the  fuel 
and  oxidizer  feed  manifolds,  their  diameter  dy,  pressure  Pf  inside  them,  the  type 
of  fuel  and  oxidizer  and  oxidizer-to-fuel  ratio  /?.  One  can  estimate  the  limiting 
frequency  of  DCC  operation. 

For  a  propane-oxygen  mixture  in  a  DCC  of  constant  cross-section  with  Lee  = 
1  m,  dec  =  16  mm,  six  (6)  feed  tubes  for  fuel  and  oxidizer  with  dj  =  6  mm 
and  //  =  6  m,  the  estimated  values  of  characteristic  times  are  listed  in  Table  1, 
where  /  is  the  limiting  frequency. 

For  the  DCC  with  a  variable  cross-section,  1.71  m^  in  volume,  with  a  diameter 
of  the  outlet  opening  16  and  25  mm,  the  characteristic  times  of  the  cycle  and 
pulse  frequency  are  presented  in  Table  2.  The  stoichiometric  mixtures  CH4-}-202, 
2H2  +  O2,  and  H2  4-  air  were  considered.  The  pressure  in  manifolds  was  equal  to 
0.3  MPa. 

It  follows  from  Table  2  that  characteristic  times  ^3,  ^4,  and  are  the  longest. 
They  comprise  98.8%  of  the  total  cycle  duration  at  low  frequencies  (<  4  Hz) 
and  74%  at  92  Hz.  Thus,  reduction  of  these  characteristic  times  is  expected 
to  be  the  most  promising  approaches  in  increasing  /.  The  maximum  operation 


Table  2  Estimated  characteristic  times  and  pulse  frequencies  for  several  PDE  con¬ 
figurations 


dec  =  16 

mm 

Mixture 

b,  s 

h,  s 

<3,  s 

ti ,  s 

ts ,  s 

El.  S 

/,  Hz 

CH4  -j-  2O2 

0.001 

0.00125 

0.0066 

0.0094 

0.0169 

0.035 

28.6 

2H2  -h  O2 

0.001 

0.00107 

0.0053 

0.0075 

0.0113 

0.0265 

37.74 

H2  +  air 

0.001 

0.00155 

0.008 

0.0092 

0.0149 

0.035 

28.6 

dec  =  25  mm 

Mixture 

ti,  S 

t2,  s 

ts,  s 

U,  s 

ts ,  s 

E I  j  ® 

/,  Hz 

CH4  4"  2O2 

0.001 

0.00125 

0.0027 

0.0047 

0.0069 

0.02 

50 

2H2  +  O2 

0.001 

0.00107 

0.0022 

0.0038 

0.0046 

0.013 

76.72 

H2  4-  air 

0.001 

0.00155 

0.0033 

0.00465 

0.0061 

0.017 

58.82 
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frequency  of  a  DCC  of  constant  geometric  dimensions  and  combustible  mixture 
composition,  can  be  increased  by  increasing  the  total  cross-section  area  of  the  fuel 
and  oxidizer  feed  manifolds  and  by  increasing  the  pressure  inside  the  manifolds. 
However,  it  is  impractical  to  increase  /  significantly  by  this  means  because  the 
volume  of  cooled  combustion  products  decreases  and  their  temperature  increases, 
which  may  lead  to  ignition  of  the  combustible  mixture  by  the  detonation  products 
of  the  previous  cycle. 

For  the  DCC  of  variable  cross-section,  the  time  of  the  adiabatic  expansion 
of  combustion  products,  ^3,  becomes  important  as  its  value  decreases  with  an 
increase  in  the  output  diameter  dec-  However  the  output  diameter  cannot  be 
more  than  half  the  diameter  of  the  main  chamber  (see  Section  4). 

Heating  of  DCC  walls  by  detonation  products  is  another  factor  limiting  the 
operation  frequency.  During  operation,  there  was  an  intense  heat  flux  from 
the  combustion  products  to  the  chamber  wall.  The  flux  depends  mostly  on 
the  temperature  of  the  products  and  detonation  frequency.  Depending  on  the 
cooling  and  operating  conditions,  the  temperature  of  DCC  walls  changes  and  can 
become  higher  than  the  self-ignition  temperature  of  the  mixture.  The  latter  can 
result  in  transition  of  detonative  combustion  to  the  conventional  deflagration 
mode.  Thus,  in  the  case  of  DCC  with  d  =  16  mm,  the  heat  loss  to  the  wall 
is  about  40%  of  the  chemical  energy  released  at  /  =  1  Hz  and  up  to  28%  at 
a  few  dozens  of  hertz.  The  end  section  of  the  combustion  chamber  exhibits 
a  1.5-fold  more  stressed  thermal  state  than  the  head  section.  At  frequencies 
above  3  Hz  the  wall  temperature  of  a  DCC  with  natural  cooling  reaches  the 
self-ignition  temperature  of  the  combustible  mixture  (stoichiometric  methane- 
oxygen  mixture)  and  uncontrolled  spontaneous  ignition  takes  place.  In  this  case, 
DCC  walls  must  be  cooled. 


4  MULTISTEP  DETONATION  PROCESS 


In  [5-9],  a  new  mode  of  combustion,  termed  multistep  detonation  (MSD),  was 
detected.  In  this  mode,  a  high-speed  flow  with  parameters  higher  than  those 
behind  a  stationary  detonation  wave  is  produced.  This  mode  was  observed  in 
the  chamber  of  variable  cross-section.  It  arises  when  the  detonation  wave  is 
decoupled  in  the  expanding  cone  3  (see  Fig.  1),  and  then  recovered  in  the  con¬ 
verging  cone  5.  Experimental  studies  of  the  MSD  mode  were  conducted  with 
the  methane-oxygen  mixture  at  initial  pressure  Pi  =  100  kPa  and  tempera¬ 
ture  Ti  =  TOO  K.  Diameter  of  the  DCC  prechamber  2  was  16  mm.  The  main 
chamber  4  was  65  mm  in  diameter  and  1  m  long.  The  expansion  angle  of  the 
transition  section  was  16®. 

The  MSD  process  can  be  explained  as  follows. 
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In  the  normal  detonation  process 
(see  Fig,  3)  gas  is  compressed  by  the 
shock  wave  to  the  pressure  in  the 
Hugoniot  H\  and  then  ignition  oc¬ 
curs,  followed  by  an  increase  in  tem¬ 
perature  and  decrease  in  pressure. 
Complete  combustion  is  represented 
by  point  Ci  on  the  detonation  Hugo¬ 
niot  Ji  corresponding  to  the  CJ  pa¬ 
rameters  for  a  steady  detonation.  If 
however  the  initial  shock  wave  is  not 
sufficiently  strong  as  to  cause  igni¬ 
tion,  a  second  shock  wave  can  be  in¬ 
troduced  in  the  compressed  but  non- 
ignited  gas  behind  the  first  shock 
wave.  This  second  shock  is  repre¬ 
sented  by  shock  Hugoniot  It  will 
produce  ignition  and  the  system  will 
pass  to  the  higher  detonation  Hugo¬ 
niot  J2  which  corresponds  to  higher 


Figure  3  Hugoniots  for  different  initial 
states  of  a  combustible  gas 


inHial  parameters  (point  A^).  The  final  state  C2  for  this  multistep  detonation 
will  clearly  lie  above  the  final  state  Ci  for  a  single  stationary  detonation. 

Such  a  MSD  mode  can  arise  incidentally  and  uncontrollably  both  in  a  short 
detonation  tube  (near  the  end  of  the  tube  behind  the  reflected  shock),  or  in  a 
long  tube  (via  deflagration-to-detonation  transition).  It  has  been  shown  that  the 
MSD  mode  can  reproducibly  be  localized  by  introducing  a  variable  cross-section 
tube  in  a  longer  tube  of  a  constant  cross-section. 


Figure  4  shows  a  schematic  of  the  variable  cross-section  DCC  and  the  proc¬ 
esses  relevant  to  the  MSD  mode.  The  components  of  the  combustible  mixture 
are  separately  introduced  and  mixed  in  a  transition  section.  Diameter  and  length 
of  the  transition  sections  are  selected  so  that  a  stationary  detonation  forms  in 
it.  The  additional  requirement  to  the  diameter  is  that  the  detonation  wave,  as 
it  passes  through  the  expanding  cone  and  enters  the  main  section  of  the  DCC, 
decouples  into  a  shock  wave  and  flame  front.  As  the  decoupled  wave  systern 
propagates  towards  the  cylindrical  section,  separation  between  the  shock  and 
flame  front  increeises. 


In  the  converging  cone,  the  shock  wave  undergoes  Mach  reflection  and  the  gas 
IS  compressed  to  a  state  at  which  ignition  occurs.  As  the  wave  system  enters  the 
narrower  channel,  it  gives  rise  to  a  multistep  detonation  with  the  products  having 
parameters  higher  than  those  of  the  CJ  parameters  in  the  initial  detonation 
wave.  In  earlier  publications  [5-8]  the  MSD  mode  was  referred  to  as  a  mode  of 
Double  Nonstationary  Discontinuity.  The  new  name  appears  to  be  physically 
more  appropriate. 
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FiRUre  4  Schematic  of  the  detonation  chamber  (a)  and  the  distance  time  diagram 
of  the  MSD  mode:  1-2  —  shock  wave,  1-2'  —  combustion  front,  Ai  is  the  dis  ance 
between  the  shock  wave  and  flame  front,  1-2-3-5-T  -  shock  wave,  i-2  -9  -  flame 
front,  9'-9  -  retonation  wave,  4-6-T-8  —  secondary  detonation  wave,  7-8  —  multi- 
step  detonation 


The  MSD  mode  was  studied  experimentally  with  methane-oxygen  mixtures. 
The  MSD  concentration  limits  were  found  to  be  narrower  than  for  the  CJ  deto¬ 
nation  under  identical  initial  conditions. 

Depending  on  mixture  composition,  detonation  in  the  mam  chamber  occurs 
either  in  the  CJ  or  in  MSD  mode.  For  methane-oxygen  mixtures  with  /?  <  1.2, 
detonation  propagated  in  the  last  section  of  the  main  chamber  at  the  average 
velocity  D  =  2300  ±  20  m/s  (at  /?  =  1)  and  D  =  2280  ±  30  m/s  (at  /?  -  1.2). 
The  range  of  /?  from  1.2  to  1.4  appeared  to  be  relevant  to  transient  processes. 
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In  most  cases,  at  /?  =  1.2,  the  detonation  wave  passed  into  the  main  chamber 
without  decay.  However,  sometimes  the  shock  and  ignition  fronts  decoupled  and 
the  MSD  mode  was  observed  in  the  main  chamber.  At  /?  >  1.4,  the  MSD  mode 
was  observed  along  the  entire  length  of  the  main  chamber,  and  this  fact  was 
a  requisite  condition  for  its  origination.  At  l3  >  1.8,  a  nonstationary  shock  - 
combustion  front  complex  occurred  in  the  main  chamber,  and  no  MSD  mode 
was  observed.  In  this  case,  the  pressure  in  the  shock  wave  was  less  than  1.0  MPa 
and  the  average  wave  propagation  velocity  from  the  inlet  to  the  converging  cone 
was  Wg  <  800  m/s.  Thus,  the  concentration  limit  of  the  MSD  mode  in  the  DCC 
of  variable  cross-section  was  in  the  range  of  1 .4  <  /?  <  1 .8  for  methane-oxygen 
mixtures. 

The  detaled  analysis  of  the  processes  involved  in  the  MSD  has  been  reported 
in  [8]. 

The  analysis  was  conducted  based  on  measurements  of  pressure  and  lumi¬ 
nosity  along  the  DCC  (see  Fig.  1).  Figure  5a  shows  the  signals  from  a  pressure 
gauge  and  photodiode,  mounted  at  section  d,  indicating  detonation  onset  in  the 
main  chamber.  In  this  case,  the  pressure  gauge  and  photodiode  simultaneously 
react  to  the  detonation  wave  D.  The  photodiode  detects  three  reflected  waves 
B,  C,  and  H  resulting  from  Mach  reflection.  Figure  56  illustrates  the  MSD 
mode:  a  shock  wave  is  followed  by  the  flame  front  in  the  main  chamber.  In  this 
case,  only  pressure  gauge  reacts  to  a  shock  wave  W  arriving  at  section  d.  The 
photodiode  sensitivity  is  insufficient  to  record  radiation  from  the  gas  behind  the 
shock  wave  propagating  in  the  initial  gas  mixture.  The  photodiode  reacts  only  to 
the  flame  front  F  entering  this  section  with  some  delay.  In  this  way,  separation 


Figure  5  Pressure  (lower  curves)  and  luminosity  (upper  curves)  in  DCC  recorded 
when  detonation  wave  (a)  and  complex  ‘shock  wave  -  combustion  zone’  (6)  pass  the 
gauges 
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l=lld 


Figure  6  Detonation  wave  velocity  in  a  cylindrical  channel  at  sections  f-h:  1 
detonation,  2  —  multistep  detonation,  3  —  Chapman-Jouguet  velocity 


of  the  flame  front  from  the  shock  wave  is  determined.  Later  on,  arrival  of  the 
reflected  wave  B  and  the  retonation  wave  H,  are  recorded.  These  waves  result 
from  detonation  formation  in  the  converging  cone. 

Different  modes  of  DCC  operation  are  compared  in  Fig.  6.  Both  modes 
studied  herein  are  unsteady.  In  both  modes,  the  wave  velocity  at  the  outlet 
decreases  to  the  CJ  detonation  velocity.  However,  initially,  the  MSD  mode 
exhibits  higher  velocity  values  and  greater  flow  parameters. 

When  using  the  DCC  as  a  pulse  detonation  engine,  efficiency  of  energy  trans¬ 
formation  will  be  better  if  higher  gcus  parameters  are  attained  behind  the  detona¬ 
tion  wave.  As  the  experiments  show,  the  gas  parameters  in  the  DCC  operating 
in  the  MSD  mode  are  higher.  Thus,  this  mode  can  be  useful  in  designing  new 
types  of  PDE. 


5  CONCLUDING  REMARKS 

1.  A  detonation  combustion  chamber  operating  in  a  pulse  mode  has  been  cre¬ 
ated.  The  chamber  can  operate  at  a  frequency  of  3  Hz  without  forced  cooling. 
With  forced  cooling,  a  frequency  of  92  Hz  was  reached.  For  supplying  fuel 
and  oxidizer,  a  system  of  gasdynamic  valves  was  used  without  mechanical 
parts. 
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2.  Operation  frequency  ranges  for  devices  fed  with  different  gaseous  mixtures 
have  been  estimated.  The  limiting  factors  were  found  and  discussed. 

3.  The  new  mode  of  combustion  termed  Multistep  Detonation  has  been  revealed. 
Physical  explanation  of  the  mode  was  suggested,  and  the  conditions  of  its 
realization  were  established.  For  a  given  initial  state,  it  has  been  shown  that 
it  is  possible  to  produce  flow  parameters  higher  than  those  behind  a  stationary 
detonation  wave.  The  Multistep  Detonation  mode  can  be  arranged  by  proper 
variation  of  chamber  cross-section. 

4.  Experimental  studies  of  the  pulsed  detonation  device  operating  on  CH4-f  2/?02 
mixture  were  performed  at  a  pulse  frequency  of  0.5-2  Hz.  The  concentra¬ 
tion  limits  of  the  Multistep  Detonation  mode  were  found  to  be  narrower 
(1.4  <  /?  <  1.8)  than  those  of  a  single-step  mode. 
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EFFECTS  OF  NOZZLES  OF  DIFFERENT  LENGTH 
AND  SHAPE  ON  THE  PROPULSION 
PERFORMANCE  OF  PULSED  DETONATION 

ENGINES 


E.  Daniau,  R,  Zitoun,  C.  Couquet,  and  D.  Desbordes 

I 


The  influence  of  the  addition  of  a  nozzle  to  a  cylindrical  detonation 
chamber  on  the  performance  of  a  pulsed  detonation  engine  (PDE)  is 
examined  through  single-pulse  experiments.  Detonation  is  initiated  at 
the  closed  end  (called  the  thrust  wall,  TW)  of  the  combustion  cham¬ 
ber.  Nozzles  of  different  shape  and  length  are  tested:  (i)  cylindrical 
ones  of  the  same  diameter  as  the  detonation  chamber  and  (n)  diverging 
ones.  Measured  parameters  include  thrust  wall  pressure  histories  and 
impulses.  Experiments  show  that  the  presence  of  a  nozzle  greatly  affects 
the  performances  of  a  PDE.  Efficiency  in  terms  of  gain  in  Isp  is  —  in  all 
tests  —  considerably  increased  by  the  presence  of  a  nozzle.  Nevertheless, 
it  is  further  shown  that  the  duration  of  the  action  of  the  cycle  overpres¬ 
sure  on  the  thrust  wall  is  lengthened  by  using  cylindrical  nozzles,  i.e,, 
the  delay  for  refueling  the  chamber  with  fresh  mixture  is  increased,  so  is 
the  cycling  time.  On  the  contrary,  diverging  nozzles  of  the  same  length 
exhibit  shorter  thrust  wall  overpressure  duration  and  for  a  few  of  them, 
the  same  thrust  wall  overpressure  history  as  without  a  nozzle.  For  these 
nozzles,  if  the  maximum  propulsive  potential  in  terms  of  mass  flow  rate 
and  cycling  frequency  are  preserved,  then  the  thrust  may  increase  as  I^p. 


1  INTRODUCTION 

Since  the  historical  pioneering  works  [1]  and  [2],  PDEs  have  been  extensively 
studied  over  the  last  decade  [3-5],  They  are  currently  the  subject  of  increas¬ 
ing  interest  involving  many  analytical  and  experimental  investigations.  These 
engines  belong  to  the  class  of  alternative  unsteady  flow  devices  associated  with 
high  energy  conversion  efficiency.  Because  of  nonsteady  dynamics,  analysis  of 
such  engines  is  more  complex  than  that  of  steady  engines. 
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It  was  already  shown  [6]  that: 


(1)  The  detonation  of  a  stoichiometric  C2H4-O2  reactive  mixture  that  filled 
completely  a  cylindrical  chamber,  closed  at  one  end  by  the  TW  and  directly 
open  to  the  atmosphere  for  the  exhaust  of  the  detonation  products,  provides 
a  specific  impulse  Isp  of  200  s.  This  result  was  comparable  with  what  has 
been  found  elsewhere  [7]. 

(2)  hp  does  not  depend  on  the  location  of  the  detonation  ignition  point  [8]. 
Based  on  self-similarity  of  the  expansion  of  detonation  products,  hp  for 
mixtures  of  different  Chapman-Jouguet  (CJ)  pressure  (pcj)  and  velocity 
(Del)  can  be  expressed  by  the  formula 


PCJ 


hp  — 


(  7+1 

V  2t 


27/(7-!) 


-Po 


gpoDcj 


with  a  factor  K  of  about  5.15  that  allows  all  the  results  obtained  in  the 
range  of  pcj  (17-54  bar).  Da  (1300-3000  m/s)  to  match  [9]. 

(3)  The  duration  of  overpressure  on  the  TW  is  8-10/cj,  where  tcJ  is  the  det¬ 
onation  propagation  time  inside  the  combustion  chamber  (CC)  used  as  the 
scaling  time.  The  subsequent  negative  overpressure  phase  (due  to  the  over¬ 
expansion  of  the  detonation  products)  ends  at  about  20icj-  Negative  over¬ 
pressure  phase  serves  to  refill  the  chamber  with  fresh  mixture  by  direct 
injection  of  fuel  and  oxidizer  contained  in  pressurized  tanks  or  with  atmo¬ 
spheric  air  by  self-aspiration.  The  total  dimensional  time  /tot.  i-s-i  20tcj, 
that  includes  detonation  propagation,  exhaust  of  detonation  products  and 
aspiration  of  fresh  gases,  can  be  considered  as  the  minimum  PDE  cycle  du¬ 
ration  which  depends  linearly  upon  the  characteristic  size  of  the  detonation 
chamber.  Maximum  detonation  frequency  may  then  be  defined  on  the  basis 

of/max  =  (<tot)-‘  =  (20/cj)-'. 

So,  hp  represents  the  propulsion  efficiency  of  the  detonative  mode  of  transfor¬ 
mation  of  a  unit  of  mass  of  the  fresh  reactive  mi.xture.  The  thrust  T  is  expressed 
by  r  ~  rhhp  or  fhp-  High  thrust  needs  high  mass  flow  rate  m  and  for  a  chamber 
of  fixed  volume  —  a  high  cycle  frequency  /.  Then,  the  minimum  cycle  dura¬ 
tion  associated  with  a  given  CC  is  a  very  important  parameter  that  influences 
considerably  the  PDE  potential  performance  and  has  to  be  investigated. 

Attempts  to  increase  efficiency  (hp)  rely  essentially  on  adding  a  diverging 
nozzle  after  PDE’s  CC.  Two  aspects  have  been  considered  recently: 


(i)  the  nozzle  is  filled  with  the  reactive  mixture,  and 

(ii)  the  nozzle  serves  only  as  an  exhaust  for  the  detonation  products. 
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The  first  point  was  studied  computationally  by  Cambier  and  Tegner  [10],  and 
by  Eidelman  and  Yang  [11].  Their  conclusion  was  that  nozzles  can  drastically 
increase  the  efficiency  of  PDEs. 

The  second  point  was  experimentally  studied  by  Back  and  Varsi  [12]  with  high 
explosives  for  propulsion  in  dense  or  high-pressure  atmosphere  of  certain  planets 
of  the  solar  system,  A  gaseous  C2H2-O2  mixture  was  experimented  by  Zhdan 
ei  al  [7]  in  a  partially  filled  cylindrical  tube  closed  at  one  end.  High  specific 
impulses  of  200—250  s  and  more  were  observed  when  long  nozzles  were  added. 

The  aim  of  this  study  was  to  obtain  a  better  understanding  of  the  effects  of 
nozzles  on  the  PDE  propulsive  performance.  The  above-mentioned  second  con- 
figurabon  using  cylindrical  and  diverging  nozzles  is  addressed  in  this  paper.  At 
the  exit  of  the  CC  there  is  a  large  expansion  potential  of  high-pressure  detonation 
products,  which  is  lost  (for  propulsion)  into  the  outer  atmosphere.  Controlled 
expansion  of  these  gases  through  a  nozzle  permits  the  recovery  of  nonnegligible 
thrust.  Nevertheless,  a  nozzle  may  affect  the  time  required  for  the  pressure  in 
the  CC  to  drop  to  a  specific  value  (for  instance,  p  =  1  atm)  when  a  fresh  mixture 
can  be  injected.  Indeed,  the  cycling  time  will  be  faster  if  the  tube  is  short  and 
if  rapid  expansion  takes  place  at  the  exit.  These  two  aspects  of  the  addition  of 
a  nozzle  are  studied  here.  For  such  a  study,  a  small-scale  test  bed  is  useful  and 
allows  one  to  obtain  information  on  the  setups  of  larger  scale  because,  as  is  well 
known,  the  flow  of  the  CJ  detonation  products  is  self-similar. 


2  EFFECT  OF  A  DIVERGING  NOZZLE  — 

A  SIMPLE  ANALYSIS 

When  considering  energies,  an  approximate  analysis  can  be  performed  in  the  case 
of  direct  initiation  of  detonation  at  the  open  end  of  a  completely  filled  cylindrical 
detonation  chamber.  In  this  configuration,  one-dimensional  (ID)  steady  condi¬ 
tions  of  ejection  of  detonation  products  at  the  exit  section  (where  Pe  >  Pa)  of 
the  theoretically  plane  CJ  detonation  wave  can  be  shown  (Fig.  1).  Using  the 
plane  self-similar  solution  of  the  isentropic  expansion  field  behind  the  detona¬ 
tion  wave  (DW)  propagating  inside  the  tube  with  free  rear  expansion  [13,  14], 
exhaust  conditions  (subscript  e)  are  set  by  the  approximate  relations: 

uci  = 

Pe  — 

T,  =  Tcjy-^ 

Pe  = 

=  |wcj|  =  Ue 
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where  p,  T,  p,  w,  a,  and  7  are,  respectively, 
the  pressure,  temperature,  density,  particle 
velocity,  speed  of  sound,  and  isentropic  expo¬ 
nent  of  detonation  products  which  is  assumed 
constant. 

Thus,  the  flow  is  sonic  at  the  exit  sec¬ 
tion  {Ue  =  fle)  ■—  the  exhausting  flow  veloc¬ 
ity  being  in  the  opposite  direction  of  the  CJ 
detonation  wave  propagation  —  and  remains 
sonic  during  the  entire  detonation  propaga¬ 
tion  and  up  to  the  backward  motion  of  the 
shock  wave  produced  by  the  reflection  of  the 
detonation  wave  on  the  TW.  So,  in  the  case 
of  free  expansion  of  detonation  products  into 
the  atmosphere,  the  exit  section  constitutes 
a  sonic  throat.  In  this  area,  the  pressure 
Pe  is  generally  higher  than  the  ambient  pres¬ 
sure  pa  (since  for  7  =  1.15,  Pe  =  O.llTpcj, 
so  for  the  stoichiometric  CnHm-air  mixture 
pe  =  2.2  bar  and  for  stoichiometric  CnHm-02 
mixtures  pe  =  4  bar  at  ambient  conditions).  If  initiation  of  detonation  is 
achieved  at  the  thrust  wall,  a  great  part  of  the  exhaust  of  detonation  prod¬ 
ucts  is  also  at  sonic  velocity  at  the  exit  section.  Accordingly,  an  additional 
diverging  nozzle  may  increase  the  thrust  (and  the  specific  impulse)  by  achieving 
supersonic  ejection  and  a  possible  optimum  expansion  at  the  nozzle  exit  e  ,  i.e., 

P^  "  Pq^  , 

Steady  isentropic  expansion  of  detonation  products  beyond  the  throat  (loca¬ 
tion  of  ignition)  into  a  nozzle,  up  to  optimum  expansion  allows  one  to  obtain 
the  ratio  of  ejection  area  A',  to  the  throat  area  Ath  by  the  following  relationship 
(established  for  approximate  ID  steady  conditions): 

(7+1)/(2(7-1)) 


Figure  1  Flow  velocity  in  the 
combustion  chamber  with  ignition 
of  detonation  at  the  open  end 


A 

Ath 


1 

Mi 


Lt  +  1 


1  + 


M'e') 


where  M'^  is  the  ejection  Mach  number  (M^  >  1)  given  by 


Mi  =  - 

ai  7 


1 


E£l] 

Pa  ) 


- 1 


When  applied  to  the  C2H4-O2  mixture,  assuming  7  =  1.15  and  pcj/pa  =  34, 
one  obtains  Mi  =  2.264  and  A^JAth  =  2.71.  The  diameter  of  the  exit  section  e' 
of  the  nozzle  required  for  maximum  expansion  is  then  di  =  1.645df/i.  In  the  case 
studied  herein,  di  equals  82.3  mm. 
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The  above  consideration  brings  some  tools  to  understand  the  effect  of  nozzles 
in  PDE  propulsion,  but  does  not  take  into  account  the  unsteady  part  of  the 
exhaust  of  detonation  products  into  the  atmosphere.  Moreover,  optimization 
with  respect  to  the  cycling  time  is  not  addressed  in  this  analysis. 


3  SINGLE-PULSE  SETUP  AND  EXPERIMENTS 


The  basic  experimental  setup  and  procedure 
have  already  been  described  in  a  previous  pa¬ 
per  [9].  Nozzles  of  different  shapes  adapt  to 
the  CC.  This  CC  consists  of  a  cylinder  50  mm 
in  internal  diameter  and  of  length  Lqc  closed 
by  a  mylar  film  12  fxm  thick.  The  nozzle  sec¬ 
tion  length  Lnz  is  variable  and  /?  is  defined 
as  the  ratio  L^z/Lcq,  with  Lee  representing 
the  unit  of  length.  Two  series  of  experiments 
were  conducted: 

(1)  A  first  set  with  Lqq  =  65  mm  and  a  cylindrical  nozzle  of  the  same  internal 
diameter  as  the  combustion  chamber  with  different  length,  jS  ranging  from 
0  to  5.7  (Fig.  2). 

(2)  A  second  set,  with  diverging  nozzle  P  =  I,  after  the  combustion  chamber  of 
Lee  =  100  mm,  of  different  shapes  displayed  in  Fig.  3:  straight  conical  noz¬ 
zles,  negative  curvature  (bell-shaped)  nozzles,  and  composite  nozzles,  called 
A,  B,  and  C,  respectively.  The  exit  cross-section  has  a  diameter  of  110  mm  in 
all  the  experiments  (i.e.,  the  exit  cross-section  is  larger  than  the  theoretical 
optimum-expansion  cross-section)  except  for  one  straight  conical  nozzle  for 
which  the  angle  of  divergence  a  was  chosen  to  be  5®  with  the  correspond¬ 
ing  diameter  of  66  mm  (lower  than  the  optimum  expansion  diameter).  For 
^  =  2,  the  nozzles  consist  of  a  combination  of  a  cylinder  of  100  mm  length 
and  one  of  the  diverging  nozzles  described  above  (referred  to  as  nozzles  2A, 
2B,  and  2C).  An  example  of  such  a  configuration  (i.e.,  nozzle  2C)  is  shown 
in  Fig.  4.  For  /?  =  2,  the  effect  of  a  straight  diverging  nozzle  of  the  same  exit 
diameter  was  also  studied. 

In  all  the  experiments,  a  C2H4-O2  stoichiometric  mixture  at  po  =  1  bar. 
To  =  293  K  is  used.  This  mixture  is  characterized  by  a  very  small  CJ  det¬ 
onation  cell  size  (A  <  0.5  mm)  and  therefore  the  detonation  regime  is  very 
easily  obtained  by  either  (z)  DDT  in  a  small  tube  of  12  mm  inner  diameter  and 
100  mm  length  (6%  of  the  detonation  chamber  volume)  with  a  Shchelkin  spiral 


CC 

. . 1 

Figure  2  Schematic  of  the  cylin¬ 
drical  nozzle  after  the  combustion 
chamber  for  /?  =  2 
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Figure  3  Shapes  and  sizes  of 
the  selected  diverging  nozzles  for 
/?  =  1:  (a)  schematic  of  LlOO  CC 
-t-  LlOO  18°  diverging  nozzle  (noz¬ 
zle  A);  (b)  schematic  of  LlOO  CC 
+  LlOO  bell  nozzle  (nozzle  B);  and 
(c)  schematic  of  LlOO  CC  -j-  LlOO 
composite  nozzle  (nozzle  C) 


Figure  4  Schematic  of  LlOO  CC 
+  LlOO  cylinder  +  LlOO  composite 
nozzle  (nozzle  2C) 


followed  by  the  diffraction  of  the  detonation 
wave  into  the  larger  volume  of  the  combus¬ 
tion  chamber,  or  (n)  by  direct  initiation  of 
detonation  by  an  exploding  wire  source  that 
delivers  roughly  30  J  of  energy. 

Direct  point  ignition  of  detonation  is 
achieved  in  both  cases  in  the  center  of  the 
TW,  with  a  critical  detonation  curvature  ra¬ 
dius  (Re)  that  does  not  exceed  10  mm. 

Thrust  effects  resulting  from  the  ignition 
device  have  been  measured  and  are  estimated 
to  be  negligible  in  comparison  to  the  thrust 
obtained  with  mixture  detonation  in  the 
main  chamber. 

To  measure  the  thrust,  a  ballistic  pendu¬ 
lum  device  is  used.  This  device  is  described 
in  detail  in  [8],  and  provides  results  with  an 
accuracy  of  5%.  Detonation  pressure  profiles 
are  measured  by  Kistler  603B  pressure  gages 
along  the  chamber  and  at  the  TW  with  the 
characteristic  rise  time  of  1  fis. 


4  RESULTS  AND 
DISCUSSION 


Because  CJ  detonations  are  obtained  almost 
instantaneously,  the  pressure-time  variations 
and  impulse  measured  with  ballistic  pendu¬ 
lum  are  very  reproducible. 

Typical  TW  pressure-time  profiles  and 
impulse  histories  (obtained  by  the  integra¬ 
tion  of  the  overpressure  signal  over  time)  are 
displayed  in  dimensionless  variables:  tt  = 
Ap/pCJ,  T  =  and  J  =  f  ir  dr,  where 

tcj  =  Lcc/Dcj^  In  the  case  of  diverging 
nozzles,  the  maximum  impulse  given  is  the 
one  measured  with  the  ballistic  pendulum, 
because  the  pressure  signal  at  the  TW  does 
not  integrate  the  overall  effects  of  the  thrust 
that  is  applied  on  the  PDE. 
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Figure  5  Measured  dimensionless 
overpressure-time  signal  at  the  thrust  wall 
for  /d  =  0 


Figure  6  Dimensionless  impulse  vs. 
time  signal  for  =  0 


4.1  Experiments  Without  Nozzle 

Typical  TW  pressure-time  records  and  impulse  obtained  in  a  CC  without  noz¬ 
zle  are  given  in  Figs.  5  and  6.  In  the  following,  this  signal  will  serve  as  the 
reierence. 

drops  respectively  to  a  plateau  value  over 
r  -  6.2  (large  pressure  oscillations  around  the  plateau  value  are  observed,  due 
to  successive  reflections  of  hemispherical  detonation  on  the  tube  walls)  before 
decreasing  until  r  =  10.  In  the  following,  this  time  will  be  referred  to  as 
r.pw(/?  -  0).  The  negative  overpressure  phase  is  smooth,  with  a  minimum 
absolute  pressure  of  p  =  0.8  bar,  and  a  duration  =  0)  of  roughly  10 

corresponding  to  an  overall  time  not  =  +  rfw  ~  20  of  TW  pressure  vari¬ 

ation  during  a  cycle,  in  agreement  with  previous  results.  The  specific  impulse 
4p  measures  200  s,  in  accordance  with  the  results  obtained  using  the  ballistic 
pendulum  method  which  integrates  the  whole  unsteady  effects  of  the  exhaust 
detonation  products. 


4.2  Experiments  with  Cylindrical  Nozzles 

Concerning  cylindrical  nozzles,  experiments  performed  previously  and  summa¬ 
rized  in  [15]  are  reported.  Typical  pressure-time  records  for  different  /?  are 
shown  in  Fig.  7.  Because  the  cylindrical  nozzle  controls  and  limits  the  expansion 
ol  detonation  products  in  comparison  to  free  direct  expansion  into  the  atmo¬ 
sphere,  thrust  diverges  from  the  reference  case  (/?  =  0)  beginning  at  r  ~  5  and 
decreases  slowly  (with  associated  oscillation  due  to  tube  walls  reflections)  in  the 
same  way,  up  to  a  time  r  increasing  with  /?,  before  decreasing  more  rapidly  to 
zero,  s  in  the  reference  case  (/?  =  0),  a  shockless  negative  overpressure  phase 
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-10  0  10  20  30  40  50  60  70  80 

T 

Figure  7  Thrust  wall  dimensionless 
overpressure— time  records  obtained  with 
cylindrical  nozzles  of  different  /?:  1  ^  =  0; 

2  —  0.69;  3  —  1.8;  and  4  —  5.7 


exists  when  /?  increases  and  serves 
self- aspiration.  Specific  impulse 
hp{(^)  as  well  as  and 

Ttot(/?)  are  given  in  Figs.  8  and  9. 
/sp  can  be  obtained  either  by  the 
TW  pressure  signal  integration  or 
by  ballistic  pendulum  and  increases 
linearly  with 

In  summary,  for  the  same  vol¬ 
ume  of  the  detonable  mixture,  Isp 
is  increased  by  the  addition  of  a 
straight  cylindrical  nozzle,  but  the 
minimum  cycling  time  is  increased 
too,  and  hence  the  maximum  op¬ 
erating  frequency  of  the  PDE  de¬ 
creases.  So,  thrust  increases  in  the 
same  proportion  as  Jgp  as  long  as 
the  limiting  time  during  the  cycle 
remains,  by  far  the  time  needed  to 


refill  the  fresh  mixture.  At  a  maximum  operating  frequency,  for  /?  -  0,  the  time 
of  exhausting  detonation  products  r^vv(^  =  0)  =  10,  and  is  of  the  same  order 
as  the  filling  time  r^w  When  /?  =  4,  hp  is  two-fold  hpil3  =  0)  (m  the  vicinity 
of  400  s),  but  time  r+w(/?  =  4)  (where  Ap  =  0  on  the  TW)  is  40,  and  not  ~  60 
Then,  in  that  case,  =  4)  ~  (l/3)/„,ax(/?  =  0),  and  the  rnaximum  thrust 

that  can  be  produced  by  a  such  system  is  more  limited  than  without  nozzle,  the 
gain  of  Isp  being  counterbalanced  by  the  decrease  of  /max  or  mmax- 


P 

Figuro  8  Specific  impulse  Ap  vs.  /?  when 
using  cylindrical  nozzles:  1  —  authors  re¬ 
sults,  2  —  Russian  results  [7],  3  —  fit  J, 
4  —  fit  2 


Figure  9  ^  when 

using  cylindrical  nozzles:  1  —  ^ 

r+  ,  3  —  fit  (not),  4  —  fit  (r+w) 
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4.3  Experiments  with  Diverging  Nozzles 


The  main  features  concerning  results  obtained  with  diverging  nozzles  can  be 
summarized  as  follows: 


for  the  same  value  of  /3,  the  specific  impulse  is  higher  than  in  the  previous 
case  and  can  only  be  provided  by  ballistic  pendulum  method  because  inte¬ 
gration  over  time  of  the  TW  overpressure  signal  yields  only  a  part  of  the 
total  impulse  (the  part  obtained  by  the  diverging  nozzle  is  missing); 

-  the  overpressure  duration  on  the  TW,  less  than  in  the  previous 

case  and  may  be  reduced  to  =  0)  for  several  nozzle  configurations. 


For  the  straight  conical  nozzle 
a  (cone  half-angle)  varies  from  0® 
decreases  (Fig.  10).  A  gain  of  36%  in 
nozzle  with  a  time  matching 

the  reference  one. 

As  a  increases,  tends  to¬ 
wards  =  0)*  For  a  =  5^  the 

effect  of  the  nozzle  can  be  clearly 
seen  for  t  >  6  with  an  overpressure 
higher  than  in  the  reference  case 
and  an  increase  of  up  to  13. 
For  a  =  18®  (corresponding  to  an 
exit  cross-section  larger  than  that 
calculated  for  the  optimum  expan- 
Sion),  r+w(/?  =  1)  =  r+w(/?  = 
0),  the  only  difference  on  the  TW 
pressure  signal  is  the  presence  of  a 
weak  shock  wave  that  occurs  in  the 
negative  overpressure  phase.  This 
shock  wave  may  be  due  to  the  over¬ 
expansion  in  the  nozzle. 


experiments  with  /?  =  1,  /sp  increases  as 
to  18®  (Table  1),  and  time  (or  Ap) 
/sp  is  observed  with  a  =  18®  straight  conical 


Figure  10  Thrust  wall  dimensionless 
overpressure-time  records  obtained  with 
straight  conical  nozzles  for  /?  =  1:  1  — 

Of  =  180°  (reference  signal);  2  —  0®;  3  —  5°; 
and  4  —  18® 


Table  1  Specific  impulse  for  diverging  nozzles  with 
a  =  0®,  5®,  18®;  a  =  180®  represents  the  reference  case 


a 

I  (N-s) 

(s) 

Gain 

r'*' 

Ttw 

180®  (reference) 

0.475 

200 

— 

10 

0® 

0.586 

247 

+23.5% 

16 

5® 

0.609 

257 

+28.5% 

12 

18® 

0.649 

273 

+36.5% 

10 
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Table  2  Impulse  and  Lp  obtained  with  diverging  nozzles  for  /?  =  1 


Type  (13  =  1) 

I  (N  s) 

Ap  (s) 

Gain 

-  + 

t^TW 

Straight  diverging  18°  (A) 

0.649 

273 

+36.5% 

10 

Bell  (B) 

0.774 

302 

+51.0% 

10 

Composite  (C) 

0.787 

311 

+55.0% 

10 

T 


Figure  11  Thrust  wall  dimensionless 
overpressure-time  records  obtained  with 
diverging  nozzles  for  ^  =  1:  R  —  refer¬ 
ence  case  (/?  =  0);  A  —  straight  diverging 
nozzle;  B  —  bell-shaped  nozzle;  and  C  — 
composite  nozzle 


X 


Figure  12  Thrust  wall  dimensionless 
overpressure-time  records  obtained  with 
diverging  nozzles  for  =  2:  R  refer¬ 
ence  case  (/?  =  0);  A  —  straight  diverg¬ 
ing  nozzle;  2A  —  cylinder  -}-  18°  diverg¬ 
ing  nozzle;  2B  —  cylinder  +  bell-shaped 
nozzle;  and  2C  —  cylinder  -b  composite 
nozzle 


Table  3  Impulse  and  hp  obtained  with  diverging  nozzles  for  ^  =  2 


Type  (13  =  2) 

I  (N-s) 

Is,  (s) 

Gain 

^TW 

Cylinder  -|-  18°  (2A) 

0.705 

279 

+39.5% 

16 

Cylinder  -f  bell  (2B) 

0.794 

314 

+57.0% 

16 

Cylinder  -b  composite  (2C) 

0.796 

315 

+57.5% 

16 

Straight  diverging  (A) 

0.859 

340 

+70.0% 

10 

The  other  nozzles  of  negative  curvature  with  /?  =  1  provide  very  interesting 
results.  As  hp  is  larger  than  hpilS  =  0),  the  TW  overpressure^signals  are  very 
similar  to  the  reference  one  (in  particular,  =  1)  =  'rrp^(/?  =  0)),  the 

only  difference  is  that  the  return  to  the  atmospheric  pressure  at  the  end  of 
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the  negative  overpressure  phase  is  pretty  abrupt  and  denotes  the  presence  of  a 
weak  shock  wave  as  observed  in  the  previous  case  for  of  =  18^. 

The  bell-shaped  and  composite  nozzles  are  especially  efficient,  as  is  high- 
lighted  by  the  results  displayed  in  Fig.  11  and  Table  2.  A  gain  of  more  than 

50%  of  4p  is  obtained  without  modifying  and  hence  the  maximum  possible 
frequency. 

As  /?  increases  to  2,  the  possibility  to  obtain  higher  impulse  is  augmented. 
Certain  nozzle  configurations,  as  for  instance  a  cylinder  of  constant  section  fol¬ 
lowed  by  a  diverging  nozzle,  i.e.,  2 A,  2B  and  2C  does  not  bring  anymore  impulse 
than  the  simple  diverging  section,  when  the  TW  overpressure  time  increases 
(Fig.  12  and  Table  3). 

It  can  be  pointed  out  that  a  rapid  increase  of  section  just  after  the  CC  (remind 
that  this  plane  is  sonic  for  a  great  part  of  the  exhaust  of  detonation  products) 
promotes  a  gain  in  impulse  without  changing  On  the  opposite,  a  slow 

increase  of  nozzle  section  after  the  combustion  chamber  gives  a  smaller  gain  in 

/spj  while  increasing  This  configuration  is  obviously  less  efficient  than  the 
first  one. 


5  CONCLUDING  REMARKS 


The  influence  of  cylindrical  and  diverging  nozzles  of  different  shapes  and  lengths 
on  the  propulsion  efficiency  of  PDE  has  been  investigated  in  a  single-cycle  ex¬ 
periment  using  the  same  fuel-oxygen  detonative  mixture  (C2H4  -f-  SOj  at  nor- 
nrial  conditions)  contained  in  a  cylindrical  chamber.  Without  nozzle,  detona¬ 
tion  being  initiated  at  the  closed  end  of  the  cylinder,  Isp  is  measured  at  200  s 
and  the  TW  positive  overpressure  duration  is  maintained  during  =  10 
{t  =  lOtcj).  With  cylindrical  nozzles,  as  jS  (nozzle  length  over  combustion 
chamber  length)  increases,  I^p  is  increased  as  does.  Obtaining  I^p  as  high 
as  400  s  (~  2Isp{l3  =  0))  is  easy  but  at  the  cost  of  the  loss  of  maximum  PDE 
cycling  frequency  (or  maximum  mass  flow  rate). 

The  addition  of  the  diverging  nozzle  contributes  to  increase  in  4p  more  sig¬ 
nificantly  than  cylindrical  nozzles  and  reduces  r^vv(/^)  for  the  same  For 
several  configurations,  r(fw(/?)  =  =  0),  i.e.,  the  maximum  cycling  fre¬ 

quency  may  be  maintained  at  the  value  provided  by  the  detonation  chamber 
alone.  So,  a  gain  in  thrust  may  be  effective  in  that  case  even  at  the  lim¬ 
iting  frequency.  The  main  shortcoming  associated  with  the  addition  of  di¬ 
verging  nozzles  is  that  normally  a  PDE  section  is  larger,  increasing  drag  and 
then  reducing  overall  performance  in  the  case  of  a  PDE  used  in  ambient  atmo- 
sphere. 
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FORCED  NONUNIFORM  PRESSURE 
OSCILLATIONS  IN  A  TWO-DIMENSIONAL 

SUPERSONIC  INLET 


S.  Mullagiri  and  C.  Segal 


An  external-internal  compression,  two-dimensional  inlet  has  been  tested 
at  flow  Mach  number  2.5  with  a  sinusoidal  excitation  of  the  back  pres¬ 
sure,  both  in  time  and  in  the  spanwise  direction,  simulating  the  condi¬ 
tions  in  an  inlet  of  a  pulsed  detonation  engine  (PDE).  The  shock  oscilla¬ 
tions  arising  from  the  fluctuating  back  pressure  were  confined  within  the 
diffuser  section  of  the  inlet  and  no  observable  instabilities  propagated 
upstream  of  the  throat. 


1  INTRODUCTION 

Among  the  proposed  PDE  configurations  that  have  been  considered  are  multi¬ 
tube  detonation  devices  connected  to  a  common  inlet.  These  designs  allow  for 
the  generation  of  continuous  thrust  by  initiating  the  detonation  and  recharging 
the  detonation  ducts  at  controlled  frequencies  [1~4].  Such  configurations  raise 
the  issues  of  inlet  -  combustion  chamber  interactions  resulting  in  unsteady  inlet 
flow  fields.  The  inlet  exit  plane  experiences  nonuniform  pressure  fields  arising 
from  the  operation  of  the  PDE  detonation  tube  valves. 

Severe  effects  on  the  back  pressure,  induced  by  the  valving  system  of  the 
detonation  tubes,  will  affect  the  operation  of  the  inlet  including  the  potential  of 
hammershock  and  unstarting  of  the  inlet.  If  a  single  inlet  is  used  as  a  plenum  for 
multiple  detonation  tubes,  the  back  pressure  is  then  expected  to  have  a  reduced 
effect  on  the  inlet  flowfield.  However,  the  spillage  from  a  closing  valve  into  an 
adjacent  opening  one  may  affect  the  combustion  chamber  operation  by  affecting 
the  fuel-air  mixture  ratio. 

The  unsteady  interactions  between  the  combustion  chamber  and  supercrit¬ 
ical  inlets  have  been  studied  by  various  researchers  to  understand  the  effect  of 
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combustion  instabilities  on  the  diffusers  as  well  as  the  effect  of  natural  oscilla¬ 
tions  on  the  combustion  chambers.  These  studies  have  been  mainly  conducted 
on  ramjets  and  in  most  of  them,  the  exit  plane  pressure  has  been  simulated  by 
uniform  pressure  oscillating  only  in  time. 

Previous  theoretical  studies  [5]  indicate  that  during  the  transient  flow  at 
the  inlet  exit  produced  by  the  valving  system  of  a  stack  of  detonation  tubes, 
the  time  available  for  the  transfer  of  air  between  adjacent  tubes  is  0(10  fis), 
which  is  significantly  shorter  than  the  time  required  to  form  the  hammershock, 
0(10  ms).  Thus,  the  concept  of  a  plenum  inlet  supplying  air  to  multiple  tubes 
has  the  potential  to  become  a  practical  solution  for  the  inlet  of  PDE. 

Studies  on  forcibly  excited  transonic  and  low  supersonic  inlets  [6]  indicate 
that  the  shock  displacement  amplitudes  are  inversely  dependent  on  the  back 
pressure  excitation  frequency.  These  results  agree  with  the  findings  of  the  present 
work. 

The  current  experiment  simulates  the  operation  of  a  PDE  inlet,  wherein  the 
exit  is  nonuniformly  excited  in  a  sinusoidal  manner  both  in  space  (spanwise  di¬ 
rection)  and  in  time.  The  amplitudes  of  the  pressure  excitation  were  also  varied. 
This  was  achieved  by  blocking  the  exit  with  four  plunging  pistons  mounted  on  a 
camshaft  having  a  phase  difference  of  90®  between  two  adjacent  cams.  Each  set 
of  pistons  oifered  a  different  blockage  at  the  exit,  thus  varying  the  amplitude  of 
excitation.  In  a  previous  study  [6],  partial  blockage  has  been  applied  over  30% 
of  the  inlet,  effectively  simulating  a  70%  bypass.  In  the  present  work,  blockages 
of  32%,  40%,  67%,  75%,  and  83%  have  been  used  with  the  excitation  frequencies 
from  15  to  50  Hz.  Bierdon  and  Adamson  [7]  found  in  an  analytical  study  that 
for  large  amplitude  oscillations,  the  overall  tendency  for  the  mean  shock  position 
is  to  move  upstream  of  the  diffuser  and  the  shock  eventually  gets  pushed  out. 
They  also  determined  that  low  frequencies  had  the  same  effect  as  high  amplitude 
oscillations.  At  higher  excitation  frequencies,  the  shock  train  was  predicted  to 
be  stable.  This  study  was  performed  with  only  3%  excitation  of  the  back  pres¬ 
sure,  significantly  lower  than  expected  values  for  PDE  operation.  Despite  the 
large  blockage  in  the  present  work,  the  inlet  started  and  remained  started  for 
all  test  conditions.  The  degree  of  pressure  oscillations  increased  with  increasing 
blockage  and  decreased  with  increasing  excitation  frequency. 


2  EXPERIMENTAL  SETUP 

Figure  1  shows  the  two-dimensional  model  inlet.  It  has  a  10®  and  12-centimeter 
long  ramp  designed  for  operation  at  Mach  number  2,  and  a  throat  height,  /i, 
of  1.2  cm  with  a  short  throat  length  followed  by  a  7.5/i  diffuser  with  2-degree 
expansion  on  the  lower  wall  and  1-degree  expansion  on  the  upper  wall.  The  inlet 
is  installed  at  the  University  of  Florida  —  Mach-4  wind  tunnel  facility,  that  has 
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mimbef  2^  ^  lO-degree,  12-centimeter  long  ramp  designed  for  operation  at  Mach 


a  15  X  15  cm  test  section.  The  Mach  number  of  the  facility  can  be  continuously 
varied  from  1.2  to  3.8, 

Static  pressure  in  the  inlet  was  acquired  simultaneously  from  thirteen  (13) 
static  pressure  ports  located  along  the  flow  direction  connected  to  a  Pressure 
Systems  PSI-9010  pressure  scanner. 


Figure  2  shows  the  sketch  of  the  model  and  the  location  of  the  13  static 
pressure  ports  distributed  on  the  lower  and  upper  walls  of  the  inlet.  Table  1 
indicates  the  location  of  the 


static  pressure  ports.  The 
exit  plane  of  the  inlet  is  a 
1.54  X  5  cm  rectangle.  The 
aim  of  this  work  is  to  study 
the  efiect  of  a  row  of  four  ad¬ 
jacent  detonation  tubes  of 
the  PDE,  operating  at  the 
exit  of  the  inlet,  on  the  sta¬ 
bility  of  the  flowfield  in  the 
inlet.  The  opening  and  clos¬ 
ing  of  the  intake  valves  on  the 
detonation  tubes  is  modeled 
by  a  set  of  four  plunging  pis¬ 
tons  distributed  uniformly 
across  the  span  of  the  inlet  as 


Figure  2  Inlet  schematic  and  the  location  of  13 
static  pressure  ports  on  the  bottom  and  top  walls. 
The  exit  is  1,54  cm  high  and  5  cm  wide 
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described  in  the  introduction.  The  blockage 
ratios  offered  by  these  pistons  were  defined  in 
this  work  as  the  ratio  of  the  total  face  area  of 
the  pistons  to  the  exit  plane  area.  However, 
since  the  pistons  are  operating  out  of  phase 
with  each  other,  the  effective  blockage  offered 
is  less  than  the  designated  value.  Four  dy¬ 
namic  pressure  transducers  at  the  duct  exit 
measured  the  forced  pressure  fluctuations  in 
the  spanwise  direction. 

Figure  3  shows  the  back  pressure  excita¬ 
tion  mechanism  used  to  simulate  the  pres¬ 
ence  of  the  combustion  tubes  valving  system. 
Individual  cams  operating  at  cycle  frequen- 
cies  modulated  by  an  external  electrical  motor  move  the  pistons  simulating  op¬ 
eration  of  the  valves.  The  electrical  motor  allows  for  excitation  up  to  50  Hz  if 
the  required  torque  does  not  exceed  the  limit. 

The  cams  can  be  positioned  at  different  phases  with  respect  to  each  other 
allowing  different  opening  sequences  for  adjacent  valves.  Thus,  the  extent  of  the 
effects  of  spillage  from  adjacent  tubes  on  deterring  the  formation  of  hammer- 
shock  can  be  evaluated  by  simultaneously  closing  two,  three  or  all  four  channels. 
Similarly,  cam  profiles  can  be  modified  to  investigate  the  effects  of  fast  and  slow 


Table  1  Locations  of  the  pres¬ 
sure  ports  normalized  by  the 
throat  height  and  referenced  to 
the  throat  location 


Port 

xjh 

Port 

xjh 

1 

-0.193 

8 

0.031 

2 

0.315 

9 

0.883 

3 

0.890 

10 

1.171 

4 

2.896 

11 

2.034 

5 

5.197 

12 

4.046 

6 

-2.126 

13 

6.347 

7 

0.021 

Figure  3  Back  pressure  excitation  mechanism.  Four  pistons  simulate  the  presence 
of  PDE  tube  valves  with  actuating  cams  at  different  phases.  Individual  piston  cycle  is 
a  function  of  the  cam  profile  and  driving  frequency 
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opening  with  the  goal  to  ensure  rapid  tube  air  filling  and  to  allow  sufficient  time 
for  propellant  refill  and  detonation.  The  current  cams  are  designed  based  on 
estimates  that  indicate  that  approximately  equal  times  for  the  propellant  refill 
and  evacuation  are  required  for  efficient  PDE  operation  [5].  However,  other  cam 
profiles  would  model  different  cycle  sequencing. 

The  experiments  discussed  in  this  paper  are  confined  to  tests  with  Mach 
number  2.5.  Five  different  sets  of  piston  faces  affecting  the  blockage  ratio  at 
the  exit  were  used  to  get  different  excitation  pressure  amplitudes.  Both  low 
(15  and  20  Hz)  and  high  frequency  (exceeding  40  Hz)  excitation  were  attempted. 
The  excitation  frequency  could  be  maintained  in  almost  all  the  cases  and  the 
highest  frequency  attained  at  different  blockage  ratios  was  limited  by  the  power 
of  the  motor.  The  blockage  ratios  offered  by  the  piston  faces  ranged  from  32% 
to  83%. 

Data  acquisition  of  the  axial  pressures  was  limited  by  the  PSI-9010  pressure 
scanner,  which  could  be  read  at  a  maximum  frequency  of  25  Hz.  However, 
the  exit-plane  pressures  were  measured  by  Omega  PX303  transducers  at  3  kHz 
at  four  locations  across  the  duct.  Though  the  frequency  information  about  the 
shock  oscillation  cannot  be  obtained  due  to  the  limitation  of  the  data  acquisition, 
certain  trends  are  clearly  identifiable  and  are  described  below. 


3  RESULTS 


Figure  4  shows  the  wall  pressures 
normalized  by  the  stagnation 
pressure  trace  for  the  case  with 
no  pistons  installed.  This  test 
serves  as  a  base  line  to  compare 
the  results  from  all  other  exper¬ 
iments. 

The  pressure  field  is  constant 
in  the  duct  except  at  the  loca¬ 
tion  where  x/h  =  5.2.  The  low- 
frequency  oscillation  settles 
down  after  some  time.  The  loca¬ 
tion  x/h  =  —2.1  corresponds  to 
the  first  port  on  the  ramp.  The 
inlet  remained  started  on  all  the 
tests  conducted  at  Mach  num¬ 
ber  2,5  and  the  pressures  at 
x/h  =  —2.1  confirmed  this. 


Time/s 


Figure  4  Normalized  wall  static  pressure  dis¬ 
tribution  without  forced  back  pressure  excitation 
(Po  is  the  stagnation  pressure):  1  —  x/h  =  5.2; 
2  —  6.3;  3 - 2.1;  4  —  4.0;  and  5  —  2,9 
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Figure  5  shows  the  time  trace  of  the  normalized  pressures  for  various  blockage 
ratios  and  at  an  excitation  frequency  of  20  Hz. 

With  the  ratio  of  the  total  face  area  of  the  pistons,  Ap,  to  the  exit  plane 
area  Ae,  Ap/Ae  =  0.32  (Fig.  5a),  no  rapid  fluctuation  in  the  normalized  pres¬ 
sure  distribution  was  observed.  The  flow  remained  supersonic  to  about  70% 
of  the  diffuser  length.  The  mean  pressure  profile  seems  to  change  at  a  very 
low  frequency.  WhenT4p/i4e  was  increased  to  0.4,  the  disturbances  propagated 
upstream  to  about  half  of  the  diffuser  length.  Comparing  the  pressure  profiles 
with  no  blockage,  all  the  pressures  upstream  of  x//i  =  4.0  remained  undisturbed. 
Further  increase  in  the  blockage  ratio  resulted  in  the  disturbances  to  propagate 
further  upstream.  The  pressure  profiles  dX  xjh  ~  0.2  and  0.9  indicate  that  the 
shock  structure  near  the  throat  has  been  slightly  shifted,  but  remained  stable. 
The  pressure  at  a;//i  =  2.0  strongly  suggests  that  the  pressure  disturbances  are 
located  downstream  from  that  port. 

The  plots  in  Figs.  56  to  5e  show  an  increase  in  the  frequency  of  pressure 
perturbation  at  certain  locations.  This  is  only  indicative  and  the  limitation  of 
the  scanner  readout  speed  prevents  deducing  any  frequency  information.  Fu¬ 
ture  experiments  with  a  fast  data  acquisition  in  the  axial  direction  will  provide 
this  information.  The  results  from  tests  conducted  at  15  Hz  and  the  maximum 
attainable  frequencies  show  similar  trends. 

Figure  6  (left  column)  shows  the  effect  of  blockage  and  frequency  on  the 
mean  pressure  distribution.  The  mean  pressure  increases  with  the  blockage  at 
all  frequencies.  It  can  also  be  noted  that  for  each  blockage  ratio,  the  mean 
pressure  distribution  remains  almost  the  same  at  all  frequencies.  The  pressures 
at  locations  upstream  of  x/h  —  0.3  indicate  that  the  inlet  remains  started  at  all 
blockage  ratios  and  at  all  frequencies. 

The  pressure  perturbations  in  Fig.  6  (right  column)  show  that  most  of  the 
fluctuation  is  confined  within  two-thirds  length  of  the  diffuser  from  the  exit  plane. 
The  pressure  perturbation  amplitude  can  be  expected  to  grow  with  the  blockage 
ratio.  However,  in  Figs.  6a  and  66  (right  column),  the  maximum  amplitude 
occurs  at  ApfA^  =  0.75.  The  reason  for  this  could  be  that  the  mean  shock 
position  is  in  close  vicinity  of  the  pressure  port.  Also,  from  Fig.  6c  (right  column) 
it  can  be  observed  that  higher  frequencies  of  excitation  result  in  lower  pressure 
fluctuations. 

Figure  7  shows  a  cross-spectrum  between  two  adjacent  high  speed  transduc¬ 
ers  placed  in  the  transverse  direction  at  the  exit  plane.  A  butter-worth  bandpass 
filter  with  the  low  and  high  cut-off  frequencies  of  2  Hz  and  300  Hz  was  applied  to 
the  data.  The  absence  of  any  significant  peaks  other  than  those  at  the  excitation 
frequencies  and  their  harmonics  at  the  exit  suggests  that  the  external  excitation 
does  not  induce  any  other  modes  of  lateral  pressure  oscillations  with  large  am¬ 
plitudes.  Most  of  the  experiments  gave  similar  results,  however  the  data  from 
some  of  the  experiments  were  inconclusive  and  a  more  detailed  analysis  would 
have  to  be  carried  out. 
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Figure  5  Effect  of  blockage  on  the  static  pressure  profile  showing  the  upstream 
propagation  of  the  disturbance:  (a)  =  0.32;  (6)  0.4;  (c)  0.67;  (d)  0.75;  and  (e) 

0.83.  1  —x/h  =  2.9;  2  —  5.2;  3  —  0.2;  4  —  0.9;  5  —  2.0;  6  —  4.0;  and  7—6.3  ^ 
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Figure  6  Effect  of  blockage  ratio  on  the  dimensionless,  time  averaged,  static  pressure 
distribution  (left  column)  and  on  the  pressure  oscillation  amplitude  P'  =  Pmax  -  imin 
(right  column):  (o)  excitation  frequency  15  Hz;  (6)  20  Hz;  and  (c)  maximum  fre- 
q„Lcy.  1  -  Blok^e  0%;  2  -  32%;  3  -  40%;  4  -  67%;  5  -75%;  6  -  83%;  7  - 
blockage/frequency;  0%/none;  8  —  32%/47  Hz;  9  40%/46  Hz;  10  67%/43  Hz, 

II  —  75%/39  Hz 
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10  10 
Frequency  /  Hz 


Figure  7  Cross-spectrum  between  two  adjacent  pressure  ports  located  at  the  exit. 
The  excitation  frequency  is  48  Hz 

4  CONCLUDING  REMARKS 

A  supersonic  inlet  with  back  pressure  excitation  to  simulate  the  flow  field  ex¬ 
perienced  by  the  inlet  of  a  PDE  has  been  tested  at  Mach  number  2.5.  The 
excitation  frequency  was  varied  from  20  to  50  Hz  and  the  amplitude  was  varied 
by  increasing  the  exit  blockage  from  32%  to  83%.  The  results  indicated  the 
following: 

-  the  pressure  oscillations  inside  the  inlet  were  confined  to  downstream  of 
the  throat  and  no  adverse  effects  were  observed  on  the  flow  field  upstream 
of  the  throat,  i.e.,  the  inlet  remained  started  for  all  the  test  conditions; 

—  the  effect  of  increasing  the  excitation  frequency  was  a  decrease  in  the  am¬ 
plitude  of  the  pressure  perturbations; 

—  the  effect  of  increasing  the  amplitude  of  the  excitation  was  an  increase  in 
the  mean  pressure  field  inside  the  diffuser;  and 

-  the  cross  spectrum  between  two  adjacent  pressure  measurements  at  the  exit 
plane  does  not  show  peaks  other  than  the  excitation  frequencies  suggesting 
no  significant  modes  of  lateral  pressure  oscillations  are  introduced. 
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Newly- developed  diode-laser  absorption  techniques  for  in  situ  measure- 
rnents  of  flow  properties  have  been  adapted  to  pulsed  detonation  en¬ 
gines  (PDEs).  Three  diagnostic  concepts  that  have  been  demonstrated 
are  presented:  a  sensor  employing  live  multiplexed  diode  lasers  operat¬ 
ing  in  the  1300-1800  nm  spectral  region  for  monitoring  gas  temperature 
and  steam  concentration,  a  two- wavelength  modulated  diode-laser  di¬ 
agnostics  for  sensing  soot  temperature  and  soot  volume  fraction,  and 
an  absorption  diagnostic  for  ethylene  (fuel)  concentration.  Temperature 
of  the  postdetonation  gases  is  determined  from  the  ratio  of  water  va¬ 
por  absorbances  at  different  resonant  wavelengths,  while  species  mole 
fractions  are  determined  from  the  measured  gas  temperature  and  ab¬ 
sorbances  at  a  selected  resonant  wavelength.  Soot  volume  fraction  is 
obtained  from  measured  absorbances  at  nonresonant  wavelengths,  and 
alternatively  from  two-color  emission  pyrometry,  which  also  yields  soot 
temperature.  The  sensors’  fast  time  response  and  nonintrusive  nature 
make  them  suitable  for  measurements  in  the  hostile  environments  gen¬ 
erated  by  PDEs,  Ethylene  concentration  prior  to  detonation  is  moni¬ 
tored  using  absorption  of  a  He-Ne  (3.39  ^m)  laser.  Measurements  are 
presented  for  liquid-fueled  (JP-10)  and  gaseous-fueled  (ethylene)  PDEs. 
The  success  of  these  measurements  demonstrates  the  potential  of  diode- 
laser  sensors  for  PDE  model  validation  and  possible  use  for  on-board 
sensing  and  control  systems. 


1  INTRODUCTION 


Pulsed  detonation  engines  offer  several  potential  advantages  over  conventional 
propulsion  concepts  [1-4],  However,  a  number  of  issues  need  to  be  resolved  to 
help  bring  about  practical  propulsion  solutions  involving  detonations.  For  exam¬ 
ple,  there  is  a  need  for  capability  to  predict  detonation  to  deflagration  transition 
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(DDT)  lengths,  detonability  limits,  and  combustion  stability.  Better  under¬ 
standing  of  these  phenomena  in  the  near  future  seems  likely,  owing  particularly 
to  improvements  in  chemistry  models  and  increasing  computational  power  [5-7] . 
However,  traditional  experimental  techniques  used  to  investigate  detonations, 
which  have  involved  measurements  of  pressure  and  qualitative  imaging,  are  not 
able  to  provide  the  full  spectrum  of  data  needed  to  validate  advanced  computer 
models.  Newly  developed  diode  laser  based  absorption  techniques  offer  practical 
solutions  to  the  measurement  of  species,  temperature,  velocity,  soot  concentra¬ 
tion,  and  spray  characterization  in  detonation  experiments.  When  coupled  with 
fiber  optics,  the  compactness  and  ruggedness  of  diode  lasers  may  also  permit 
their  use  as  on-board  sensors  for  active  control. 

Previous  work  on  line-of-sight  absorption  diagnostics  at  Stanford  University 
has  lead  to  the  development  of  techniques  involving  rapid-scanning  tunable  diode 
lasers  (TDLs)  operating  at  visible  and  near-IR  wavelengths  (650  nm  -  2.3  //m). 
These  lasers  are  attractive  sources  for  spectroscopic  probing  of  species  owing  to 
their  low  cost,  ruggedness,  and  compatibility  with  fiber  optics.  These  charac¬ 
teristics,  combined  with  the  relative  simplicity  of  absorption  diagnostics,  offer 
large  potential  benefits  for  applications  in  the  hostile  environments  associated 
with  PDE  testing  and  development.  The  simplicity  of  the  Beer-Lambert  law 
of  absorption  enables  straightforward  reduction  of  absorption  data  as  long  as 
properties  are  relatively  uniform  along  the  line-of-sight  of  the  absorption  meas¬ 
urement  and  the  necessary  spectroscopic  parameters  are  known. 

Progress  in  three  diagnostics  concepts  that  have  been  demonstrated  and  im¬ 
plemented  in  both  gas-  and  liquid-fueled  PDEs  are  summarized  in  the  present 
paper.  These  include;  a  five-wavelength  line-of-sight  diode  laser  absorption  tech¬ 
nique  which  yields  H2O  mole  fraction  and  gas  temperature,  a  two-wavelength 
soot  diagnostic  based  on  combined  emission  and  modulated  diode  laser  extinc¬ 
tion  for  soot  volume  fraction  and  temperature,  and  a  technique  for  monitoring 
C2H4  fuel  vapor  based  on  3.39  //m  He-Ne  absorption. 


2  DESCRIPTION  OF  TECHNIQUES 


2.1  H2O  Absorption 

The  theoretical  basis  for  determining  gas  temperature  and  species  concentra- 
tion  in  combustion  flows  from  measured  molecular  absorbance  at  multiple  wave¬ 
lengths  has  been  described  previously  [8].  In  brief,  the  Beer-Lambert  rel^ 
tion  [9]  is  used  to  determine  gas  temperature  from  the  ratio  of  measured  H2O 
absorbances  at  multiple  wavelengths.  Using  an  independent  measurement  of 
pressure,  the  water  mole  fraction  is  then  determined  from  the  measured  absorp- 
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Figure  1  Five- wavelength  tunable  diode  laser  absorption  diagnostics  for  measuring 
gas  temperature  and  H2O  mole  fraction 


tion  at  a  selected  wavelength  using  the  known  absorption  line  strength  at  the 
measured  temperature. 

Figure  1  shows  the  layout  for  the  technique  using  five  wavelengths.  Based 
on  simulated  spectra,  H20-resonant  wavelengths  of  Ai  =  1343.297  nm,  A2  = 
1391.673  nm,  and  A3  =  1799.180  nm  were  chosen  for  maximum  sensitivity 
to  temperature  over  the  900-3300  K  range.  The  spectroscopic  parameters  for 
the  transitions  have  been  detailed  [10]  and  verified  [8]  previously.  Nonresonant 
wavelengths  A^ri  =  1290  nm  and  A„^2  =  1650  nm  were  chosen  to  account  for 
any  contributions  to  the  measured  transmission  that  were  not  due  to  H2O  va¬ 
por.  Such  contributions  can  include  extinction  from  soot  as  well  as  changes 
in  the  transmission  of  the  windows  associated  with  heating  by  the  combustion 
gases.  Figure  2  depicts  how  the  measured  transmission  consists  of  nonreso¬ 
nant  and  resonant  components.  Subtraction  of  the  nonresonant  component, 
obtained  using  nonresonant  beams,  yields  the  correct  resonant  absorption  meas¬ 
urement. 
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Figure  2  Depiction  of  transmission  (Ilh)  of  a  resonant  beam  during  the  passage 
of  a  detonation  wave.  Measured  attenuation  is  composed  of  resonant  and  nonresonant 
contributions 


As  shown  in  Fig.  1,  each  of  five  DFB-type  diode  lasers  send  light  via  standard 
communications  grade  optical  fiber  (50  fim  core)  to  the  detonation  experiment. 
All  lasers  except  the  laser  at  A2  are  operated  at  fixed  wavelength;  A2  is  tuned 
at  30  kHz  over  the  target  HoO  absorption  feature.  The  light  passes  through  a 
depolarizer  to  mitigate  the  effects  of  stress-induced  birefringence  at  the  sapphire 
windows.  The  beam  traverses  the  path  through  the  experiment  and  is  demul¬ 
tiplexed  (into  its  component  wavelengths)  by  a  diffraction  grating  (830  g/mm, 
Afc  =  1.2  nm).  In  addition  to  demultiplexing  the  wavelengths,  the  grating  rejects 
flowfield  emission.  The  transmitted  light  is  monitored  by  germanium  detectors 
(2  MHz  bandwidth,  3  mm  in  diameter).  The  detector  voltages  are  digitized  using 
a  12-bit  analog  to  digital  (A/D)  card  installed  in  a  personal  computer. 

The  grating  and  lenses  in  the  transmitted-beam  collection  path  have  been 
arranged  for  minimum  sensitivity  to  flow-induced  beamsteering.  By  simulating 
beam  steering  using  wedge  windows,  this  collection  system  was  found  to  be 
insensitive  (to  within  0.1%)  to  angular  beam  deflections  of  up  to  2.6®.  The 
duration  of  nonnegligible  beamsteering  associated  with  the  passage  of  a  typical 
detonation  wave  was  found  to  be  less  than  4  pis. 


2.2  Soot  Diagnostics 

Two-color  pyrometry  is  a  commonly  used  method  for  measuring  soot  temper¬ 
ature  and  volume  fraction  for  studies  in  laboratory  flames  [11]  and  diesel  en- 
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Figure  3  Emission  and  diode  laser  extinction  diagnostics  for  measuring  soot  temper¬ 
ature  and  volume  fraction 


gines  [12].  Laser  extinction  offers  an  alternative  and  also  widely  used  method  for 
measuring  soot  volume  fraction  [13].  For  characterizing  soot  in  PDE  studies,  a 
diagnostics  employing  simultaneous  emission  and  laser  extinction  at  each  of  two 
wavelengths  has  been  developed  [14],  For  certain  conditions,  the  combination  of 
emission  and  extinction  measurements  permits  improvements  in  the  accuracy  of 
soot  temperature  measurements  over  conventional  two-color  pyrometry.  How¬ 
ever,  for  conditions  at  which  there  is  not  enough  soot,  or  when  strong  thermal 
heating  of  the  windows  is  present,  the  diagnostic  still  allows  temperatures  and 
soot  volume  fractions  to  be  obtained  by  conventional  two-color  emission  pyrom¬ 
etry. 

Figure  3  shows  the  arrangement  of  components  of  the  combined  emission/ 
absorption  soot  diagnostics.  Emission  from  the  detonation  region  is  collected 
along  a  path  and  focused  into  a  fiber.  Light  exiting  the  fiber  at  the  other  end 
is  collimated  by  a  lens  and  separated  into  two  beams  by  a  beam  splitter.  One 
of  the  beams  is  directed  through  an  830  nm  filter  (with  a  40  nm  bandwidth) 
onto  a  Si  photodiode  detector.  The  other  beam  is  directed  through  a  1300  nm 
filter  (75  nm  bandwidth)  onto  an  InGaAs  photodiode  detector.  Signals  from 
the  detectors  are  digitized  with  12-bit  resolution  at  a  rate  of  5  MHz  using  a 
computer-based  oscilloscope. 

The  same  detection  system  used  for  monitoring  flame  emission  is  used  for 
monitoring  transmitted  laser  light.  Beams  from  two  diode  lasers,  one  at  830  nm 
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and  the  other  at  1300  nm,  are  combined  into  a  fiber,  as  shown  in  Fig.  3.  Each 
beam  is  passed  through  an  acousto-optic  modulator  which  modulates  the  inten¬ 
sity  in  a  sine  wave  pattern  at  530  kHz.  Where  the  beams  exit  the  fiber,  they 
are  collimated  by  a  lens  and  propagate  through  the  detonation  tube,  co-linearly 
with  the  path  of  collected  emission.  With  this  arrangement,  the  transmitted 
laser  intensities  at  830  nm  and  1300  nm  are  combined  with  measurements  of 
flame  emission  at  essentially  the  same  two  wavelengths.  Transmission  measure¬ 
ments  are  obtained  for  each  wavelength  by  lock-in  amplification,  while  emission 
measurements  are  obtained  by  subtracting  the  lock-in  signal  from  the  low-pass 
filtered  signal  (100  kHz).  The  system  of  collection  optics  was  calibrated  for  ra¬ 
diant  emission  with  a  tungsten  filament  lamp.  A  MinoUa/Land  Cyclops  152 
optical  pyrometer  was  used  as  a  standard  to  measure  the  temperature  of  the 
tungsten  filament. 


2.3  Fuel  Vapor  Absorption 

A  technique  to  monitor  the  concentration  of  C2H4  fuel  has  been  developed  to 
study  fuel  distributions  during  the  filling  cycle  in  PDE  experiments.  Figure  4 
shows  a  schematic  of  the  technique.  A  3.39  pm  He-Ne  laser  beam  is  passed 
through  the  detonation  tube  using  sapphire  windows  for  optical  access.  The 
transmitted  light  is  focused  onto  an  InSb  detector  cooled  with  liquid  nitrogen. 

Experiments  were  conducted  in  a  static  cell  to  determine  the  relationship 
between  the  measured  He-Ne  laser  beam  absorption  and  the  C2H4  concentration 
in  the  detonation  tube.  The  static  cell  was  filled  with  C2H4/N2  at  several  mixture 
ratios  but  with  the  total  pressure  Pt  held  constant  at  1  atm,  to  simulate  the 


He-Ne  3.39  pm  laser 


Figure  4  Absorption  diagnostics  for  monitoring  C2II4  concentration 
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environment  expected  in  the  detonation  tube  during  the  fuel  fill  and  extract 
the  proper  relationship  between  XC2H4  ^-nd  absorbance  at  3.39  /im.  Broadening 
of  the  individual  C2H4  lines  near  3.39  y.m  by  N2  was  assumed  to  be  negligibly 
different  from  broadening  by  O2  for  the  purposes  of  the  measurement. 

In  the  configuration  shown  in  Fig.  4,  the  C2H4  sensor’s  performance  is  com- 
promised  if  other  sources  of  He-Ne  laser  extinction  are  present  (i.e.,  residual 
soot  remaining  in  the  tube  between  multiple  pulses).  This  problem  was  avoided 
in  the  present  single-shot  measurements  by  purging  the  tube  with  O2  between 
tests.  In  future  tests  with  a  rapid  pulse  rate,  the  purge  may  be  insufficient  to 
clear  residual  soot  from  the  tube.  In  these  cases,  emission  from  a  nonresonant 
(2.8  fim)  LED  may  be  multiplexed  with  the  He-Ne  beam  and  detected  separately 
to  allow  correction  for  interfering  extinction  effects. 


3  JP-IO/O2  EXPERIMENTS 

AT  NAVAL  POSTGRADUATE  SCHOOL 

The  H2O  and  soot  sensors  were  demonstrated  [15]  in  the  3. 8- centimeter  diam¬ 
eter  pulsed  detonation-initiation  tube  at  the  Naval  Postgraduate  School  (NPS) 
in  Monterey,  CA,  shown  schematically  in  Fig.  5  a,  along  with  a  timing  diagram 
(Fig.  5b).  This  PDE  and  the  detonation  pressure  histories  developed  in  it  have 
been  previously  characterized  [16].  Each  cycle  begins  with  an  oxygen  purge 
injected  through  the  head-end  atomizer  that  lasts  approximately  20  ms.  Subse¬ 
quently,  a  liquid  JP-lO/oxygen  aerosol  is  injected  by  the  atomizer  for  20  ms. 
After  a  delay  of  20  ms,  the  mixture  is  ignited  by  a  capacitive  discharge  igniter 
7  cm  from  the  head-end  wall.  The  detonation  wave  builds  and  travels  toward 
the  tail  end  at  approximately  2  km/s. 

Calculated  Chapman-Jouguet  (CJ)  detonation  properties  for  a  stoichiometric 
JP-lO/oxygen  detonation  are  Tqj  =  3900  K,  Pcj  =  40  atm,  and  Xh^o,  CJ  =  0.12. 
High-pressure  gases  exist  at  the  test  plane  for  approximately  500  /is  following 
each  detonation.  High-temperature  H2O  typically  remains  at  the  test  plane 
for  a  much  longer  time  (>  100  ms),  due  to  combustion  occurring  in  the  blow¬ 
down  following  each  detonation.  Because  blowdown  combustion  interferes  with 
a  subsequent  pulse’s  aerosol  loading,  the  maximum  pulse  rate  for  this  PDE  is 
approximately  10  Hz.  When  the  temperature  drops  below  900  K  or  the  water 
mole  fraction  below  0.01,  results  become  inaccurate  and  are  not  presented.  The 
uncertainty  in  all  measurements  reported  here  is  estimated  at  ±10%,  typically 
limited  by  the  variation  in  optical  fiber  transmission  as  it  vibrates  in  the  acoustic 
output  of  the  PDE. 

Properties  measured  during  the  first  pulse  in  a  series  during  a  multicycle  ex¬ 
periment  are  presented  in  Fig.  6,  Gas  temperature  remains  near  2500  K  (64% 
of  Tcj)  as  the  pressure  decreases  to  near  atmospheric.  The  temperature  de- 
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Figure  5  Experimental  arrangement  (dimensions  in  cm)  (a)  and  timing  diagram  (6) 
of  JP-IO/O2  experiments  at  NPS 


creases  rapidly  to  near  1000  K  approximately  650  fis  after  the  detonation  wave 
passes  the  test  plane.  This  is  very  near  the  calculated  time  of  600  /is  required  for 
the  detonation  wave  to  exit  the  tube  and  allow  a  rarefaction  wave  to  propagate 
back  to  the  test  plane  against  the  output  flow;  this  rarefaction  wave  is  likely  to 
be  responsible  for  the  rapid  gats  cooling.  In  situ  two-color  emission  pyrometry 
results  recorded  at  the  same  test  plane  agree  well  with  the  sensor’s  record  of  gas 
temperature.  Soot  volume  fraction  (/„)  and  H2O  concentration  results  indicate 
the  presence  of  combustion  products  within  4  fis  of  wave  passage. 

These  measurements  of  temperature,  H2O  concentration,  and  soot  volume 
fraction  helped  to  identify  a  problem  with  fuel  loading.  Although  the  PDE  was 
loaded  with  an  overall  equivalence  ratio  near  1.0  for  the  detonation  shown  in 
Fig.  6,  the  engine  was  inadvertently  loaded  rich  at  the  head-end  and  very  lean 
at  the  tail  end,  due  to  the  nature  of  the  spray  injection  system.  As  a  result, 
the  measured  T  and  AH2O  were  much  lower  than  expected  (based  on  CJ  values 
for  (j)  =  1.0),  thereby  providing  the  first  evidence  of  nonideal  fuel  loading.  The 
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Figure  6  Measurements  of  pressure,  gas  and  soot  temperatures,  soot  volume  fraction 
and  H2O  mole  fraction  from  JP-IO/O2  experiments  at  NPS 


success  of  this  first-generation  sensor  system  suggests  that  it  may  become  an 
important  tool  in  future  studies  of  PDEs. 


4  C2H4/AIR  EXPERIMENTS 
AT  STANFORD  UNIVERSITY 

Since  the  results  from  the  NPS  PDE  indicated  that  fuel  distribution  was  im¬ 
portant,  some  controlled  fueling  experiments  were  designed  to  test  effects  of 
partial  tube  fills.  A  facility  was  constructed  at  Stanford  University  for  investigat¬ 
ing  gaseous-fueled  PDE  phenomena  using  diode  laser  diagnostics.  A  schematic 
of  the  facility  with  diagnostics  is  shown  in  Fig.  7.  The  facility  consists  of  a 
3.8-centimeter  diameter  tube,  1.35  m  in  length,  closed  on  one  end  and  open  to 
a  dump  tank  at  atmospheric  pressure  on  the  other  end.  The  tube  is  outfitted 
with  ports  for  pressure  transducers  and  optical  access  at  several  locations  along 
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Figur©  7  Arrangement  of  experiments  conducted  at  the  Stanford  PDE  facility  show¬ 
ing  diagnostics  for  detection  of  C2H4,  H2O,  and  soot  (tube  dimensions  in  cm) 

its  length.  Gaseous  fuel  (C2H4)  and  oxidizer  (either  air  or  O2),  each  controlled 
by  a  solenoid  valve,  are  injected  into  the  tube  near  the  head-end  by  impinging 
jets.  A  capacitive  discharge  ignition  system  of  variable  energy  up  to  2  J  provides 
a  spark  to  ignite  the  mixture.  Timing  of  the  valves  and  the  spark  is  controlled 
using  a  series  of  gate  and  delay  generators.  To  promote  transition  to  detonation, 
a  spiral  coil  (Shchelkin  spiral  [17])  made  from  3/16-inch  copper  tubing  with  a 
pitch  of  4  cm  was  fixed  inside  the  tube  from  about  x  =  QAL  to  about  x  ~  0.7L, 
where  x  is  the  axial  coordinate  and  L  is  the  tube  length. 

The  operating  cycle  is  similar  to  that  of  the  NPS  PDE.  First,  a  fresh  charge 
of  fuel  and  oxidizer  is  injected.  Next,  a  spark  ignites  the  mixture,  producing  a 
deflagration  that  develops  into  a  detonation.  The  Shchelkin  spiral  was  necessary 
for  a  detonation  to  develop  in  C2H4/air,  but  not  necessary  for  C2H4/O2;  it 
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was  removed  for  the  latter  cases.  After  the  detonation  wave  leaves  the  tube, 
rarefaction  waves  enter  from  the  open  end,  exhausting  the  burnt  gases.  The 
injection  timing  sequences  used  were  similar  to  those  for  the  NFS  PDE,  but 
with  longer  times  (on  the  order  of  a  few  hundred  milliseconds)  needed  to  fill  the 
tube.  Although  the  system  is  designed  for  multicycle  operation,  all  of  the  results 
presented  here  are  for  single-cycle  experiments. 

Measurements  of  C2H4  mole  fraction  (AC2H4)  via  absorption  were  made  pos¬ 
sible  using  the  instrumentation  shown  in  Fig.  4,  described  above.  A  time-history 
of  absorption  at  a  given  axial  station  was  recorded  during  filling  for  a  given 
injection  timing  sequence.  Reproducibility  of  the  results  was  good,  so  that  a 
series  of  experiments  in  which  the  diagnostics  was  sequentially  applied  at  four 
axial  stations  provided  a  crude  axial  distribution.  From  the  timing  of  the  rise  in 
-^C2H4  from  one  axial  location  to  another,  the  filling  velocity  was  obtained.  The 
rise  in  XC2H4  tended  to  approximate  a  step  function,  with  AC2H4  rising  from  0 
to  the  stoichiometric  value  within  a  time  that  was  short  compared  to  the  total 
fill  time.  Rise  times  were  found  to  vary  by  less  than  10%  between  0,3T  and  0.8L 
from  the  head-end,  so  that  it  was  possible  to  infer  a  detailed  axial  distribution 
by  deconvolving  the  time-history  from  one  of  the  axial  locations.  The  decon¬ 
volution  process  consisted  of  assuming  that  XC2H4  was  a  function  of  (a;  -  vi), 
where  x  is  the  axial  location,  v  is  the  measured  fill  velocity,  and  t  is  time.  At  a 
selected  axial  location,  was  recast  as  Xc^a^ix  -  vt).  Then  Xc:,ni{x) 

was  obtained  for  t  corresponding  to  the  time  of  ignition. 

A  series  of  experiments  were  conducted  in  which  a  fraction  of  the  tube  was 
filled  with  a  stoichiometric  mixture  of  C2H4/O2.  The  tube  was  first  purged 
with  O2  before  injecting  the  mixture.  Experiments  were  conducted  for  fills  of 
25%,  50%,  75%,  and  100%  of  the  tube  length.  The  C2H4  absorption  diag¬ 
nostics  was  used  to  monitor  the  distribution  of  fuel,  and  thus  equivalence  ra¬ 
tio,  (j),  knowing  that  the  remaining  volume  fraction  was  02-  Figure  8  shows 
a  diagram  depicting  the  four  cases  along  with  the  distributions  obtained  from 
absorption  measurements  at  four  locations,  using  the  deconvolution  technique 
described  above.  Time-histories  of  head-end  pressure  for  the  four  cases,  meas¬ 
ured  with  a  piezoelectric  pressure  transducer,  are  shown  in  Fig.  9b,  The  results 
from  a  numerical  simulation  performed  at  the  Naval  Research  Laboratory  [5]  are 
shown  in  Fig.  9  a.*  Although  there  were  differences  in  the  conditions  between 
the  two  cases,  the  qualitative  agreement  between  experiment  and  model  is  good. 
This  agreement  shows  that  controlled  detonations  at  various  tube  fills,  that  be¬ 
have  qualitatively  according  to  modeling  predictions,  are  obtainable  with  the 
facility. 

As  shown  in  Fig.  7 ,  diode  laser  based  sensors  for  H2O  and  soot  were  positioned 
for  measurements  at  23  cm  from  the  exit  of  the  tube,  0.86L  from  the  head-end. 
Figure  10  shows  results  from  measurements  during  a  single-cycle  experiment  for 

*See  also  Fig.  8  and  relevant  text  on  p.  203  of  this  book.  (Editors'  remark.) 
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FigurG  8  Measured  fuel  distributions  in  the  Stanford  University  PDE,  inferred  from 
3.39  fim  absorption  measurements  at  four  locations 


(a)  (b) 


Figure  9  Comparison  of  simulated  [5]  and  measured  head-end  pressures,  (a)  NRL 
simulation,  C2H4/air,  L  =  0.5  m:  J  —  50  cm  fill;  2  40;  3  30;  4  20,  and  5  ~ 

10  cm  fill.  (6)  Stanford  experiments,  C2H4/O2,  L  —  1.35  m:  J  —  100%  fill;  2  75%; 

3  —  50%;  and  4  —  25%  fill 


C2H4/air  mixture  3,t  (f>  =  1.52.  The  results  shown  are  of  pressure  (P)  from  a 
piezoelectric  transducer,  gas  temperature  (T)  and  H2O  mole  fraction  (A^Hso) 
from  multiline  H2O  absorption,  and  soot  temperature  and  volume  fraction  {fv)^ 
both  from  two-color  emission  pyrometry.  It  can  be  noted  that  the  temperatures 
obtained  from  H2O  absorption  and  soot  pyrometry  are  in  agreement  to  within 
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Figure  10  Measurements  during  a  single-cycle  pulsed  detonation  engine  experiment 
m  the  Stanford  facility:  CJ  =  Chapman-Jouguet  conditions,  C2H4/air,  0  =  1.52, 
detonation  velocity  1.1j9cj.  All  measurements  were  made  at  0.86i  from  the  head-end 


the  combined  uncertainties  of  about  200  K.  An  energy  balance  analysis  between 
radiation  and  convection  for  a  soot  particle  suspended  in  gas  at  these  conditions 
suggested  that  only  small  differences  exist  between  the  gas  and  soot  tempera¬ 
tures,  neglecting  surface  reactions.  Thus,  the  soot  temperature  can  be  assumed 
equal  to  the  gas  temperature  for  present  purposes. 

At  the  top  of  Fig.  10  the  pressure  trace  shows  a  spike  at  3.76  ms  after  ignition 
corresponding  to  the  pressure  rise  associated  with  the  normal  shock  at  the  front 
of  the  detonation  wave  (von  Neumann  spike).  The  detonation  wave  velocity, 
obtained  from  two  pressure  transducers  located  3.8  mm  apart  near  the  measure¬ 
ment  location,  was  2100  m/s,  or  about  1.1  times  the  CJ  detonation  velocity.  This 
corresponds  to  a  Mach  number  of  about  6.0,  and  a  von  Neumann  spike  of  about 
42  atm,  while  the  observed  pressure  spike  in  Fig.  9  is  only  18  atm.  Capturing 
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accurate  pressure  measurements  during  the  von  Neumann  spike  is  difficult,  since 
the  duration  of  this  spike  is  likely  to  be  on  the  order  of  one  microsecond  [18], 
and  the  shock  thickness  on  the  order  of  2  mm.  The  rise  time  of  the  pressure 
transducer  used  here  is  one  microsecond,  and  the  diameter  is  5.5  mm,  so  one 
cannot  expect  to  resolve  the  von  Neumann  pressure  spike  this  way. 

Figure  10  shows  the  pressure  falling  gradually  with  time  from  the  CJ  value 
as  the  gases  expand  behind  the  wave,  in  qualitative  agreement  with  the  pressure 
decay  behind  a  detonation  wave  from  numerical  simulations  [6,  19].  Large  fluctu¬ 
ations  in  the  pressure  can  be  seen  that  can  perhaps  be  attributed  to  the  cellular 
structures  known  to  exist  in  the  gases  following  a  detonation  wave  [20].  From 
studies  at  these  conditions  in  which  pressure  was  measured  at  several  locations 
along  the  tube,  it  was  noted  that  the  detonation  wave  develops  at  about  0.5L  to 
0.6L.  The  formation  of  a  detonation  wave  begins  with  the  overdriven  detonation 
moving  faster  than  the  CJ  velocity,  which  then  subsequently  slows  down  to  the 
CJ  velocity  [18].  Apparently,  by  the  measurement  station  of  0.86L  the  wave  is 
still  overdriven,  moving  at  1.1  times  the  CJ  velocity,  Dcj- 

Based  on  the  measured  velocity,  the  wave  should  exit  the  tube  about  110  fis 
after  its  arrival  at  the  measurement  location.  Rarefaction  waves  then  originate 
at  the  exit  and  travel  into  the  tube.  Assuming  that  the  rarefaction  waves  travel 
at  the  speed  of  sound  of  the  combustion  gases  [21],  they  would  be  expected  to 
arrive  at  the  measurement  location  about  350  fis  later.  Consequently,  about  450 
to  500  fis  after  the  wave  arrival,  or  about  4.4  ms  after  the  spark,  the  pressure 
and  temperature  traces  in  Fig.  10  both  show  decreases,  apparently  correspond¬ 
ing  to  the  arrival  of  rarefaction  waves.  The  maximum  measured  gas  and  soot 
temperatures  shown  in  Fig.  10  are  both  about  2700  K,  or  93%  of  the  CJ  temper¬ 
ature:  in  good  agreement  considering  that  heat  loss  to  the  walls  should  reduce 
the  temperature  somewhat. 

The  water  mole  fraction  measurements  are  also  in  agreement  with  the  CJ  the¬ 
ory,  remaining  within  about  10%  of  the  equilibrium  concentration  of  0.12.  The 
trace  shows  a  slight  increase  in  XH2O  the  rarefaction  waves  arrive,  tentatively 
due  to  the  increase  in  equilibrium  concentration  with  decreasing  temperature. 
The  soot  volume  fraction  is  on  the  order  of  0.1  ppm  during  most  of  the  time  that 
soot  is  present,  and  goes  to  zero  rather  rapidly  as  it  is  oxidized  after  long  burning 
times.  Although  it  is  difficult  to  predict  soot  concentrations  a  priori,  they  might 
be  compared  to  premixed  C2H4/air  flat  flames,  which  at  this  equivalence  ratio 
show  no  detectable  soot  at  levels  above  0.01  ppm. 


5  CONCLUDING  REMARKS 

Diode-laser  sensors  offer  promising  solutions  to  measurements  of  properties  in 
PDF  flows.  Diagnostics  for  gas  temperature,  H2O  mole  fraction,  soot  volume 
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fraction,  and  fuel  concentration  have  been  successfully  demonstrated,  both  in 
a  liquid-fueled  PDE  experiment  and  in  the  more  controlled  environment  of  a 
gaseous-fueled  PDE  experiment.  Because  diode  lasers  are  rugged  and  compact, 
the  possibility  exists  for  on-board  control  systems  based  on  diode-laser  sensing 
of  flow  properties.  In  addition,  properties  measured  with  diode-laser  diagnostics 
may  be  used  for  validation  of  computer  models. 
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ELECTROCHEMICAL 
PULSE  DETONATION  ENGINE 


V.  P.  Korobeinikov,  V.  V.  Markov,  I.  V.  Semenov, 

P.  D.  Pedrow,  and  S.  Wojcicki 


Studied  in  the  paper  is  a  new  concept  of  an  internal  combustion  engine 
comprising  the  electrochemical  pulse  jet  with  combustion,  implosion  det¬ 
onation,  and  intense  spark  channels  to  initiate  the  implosion  in  the  com¬ 
bustion  chamber.  The  scheme  of  thrust  generation  includes  the  electric 
discharge  in  the  combustion  chamber  that  is  triggered  when  the  flame 
front  passes  by  special  electrodes.  The  ring-type  discharge  is  recom¬ 
mended  to  produce  converging  shock  waves  in  the  combustible  mixture 
leading  to  a  fast  burning  process  with  a  detonation  stage.  Reflection 
of  shock  waves  from  the  central  part  of  the  chamber  and  their  interac¬ 
tion  with  the  walls  lead  to  fast  and  complete  mixture  burning  during 
the  pulse.  Parameters  of  the  converging  shock  and  detonation  waves 
have  been  estimated  analytically.  A  two-dimensional  combustible  gas 
flow  in  the  chamber  and  engine  tubes  has  been  simulated  numerically. 
Impulse  and  thrust  as  well  as  the  efficiency  of  the  engine  system  have 
been  estimated.  Experimental  results  are  also  discussed. 


1  INTRODUCTION 

Designing  of  new  types  of  internal  combustion  engines  is  of  significant  interest 
both  for  theory  and  practice.  One  of  relatively  new  concepts  is  based  on  the  elec¬ 
trochemical  pulse  jet.  The  engine  design  was  previously  studied  by  Wojcicki  [1]. 
To  achieve  the  efficient  conversion  of  the  thermal  energy  into  the  mechanical 
energy  by  increasing  the  compression  ratio,  one  can  use  an  electric  discharge  in 
the  combustion  chamber.  By  this  way  one  can  convert  combustion  into  deto¬ 
nation  and  use  these  processes  to  generate  high  pressure,  increase  the  engine 
thrust  and  attain  a  high  efficiency  of  the  engine  system.  The  new  scheme  of 
thrust  production  encounters  the  electric  discharge  in  the  combustion  chamber 
that  is  triggered  when  the  flame  front  passes  by  special  electrodes  [2].  A  “collar” 
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(ring-type)  discharge  is  recommended  to  generate  a  converging  shock  in  the  com¬ 
bustion  mixture,  which  leads  to  a  fast  burning  process  with  a  detonation  stage. 
Reflections  in  the  central  part  of  the  chamber  and  interaction  of  the  shocks  with 
chamber  walls  result  in  fast  and  complete  mixture  burning  during  the  pulse. 
The  combustion  energy  within  one  pulse  has  to  be  much  higher  than  the  electric 
discharge  energy.  Parameters  of  the  converging  shocks  and  detonation  waves 
can  be  evaluated  analytically.  The  combustible  gas  flow  in  the  chamber  and 
engine  tubes  can  be  simulated  by  using  a  two-dimensional  approximation  with 
chemical  kinetics,  wall  friction  and  heat  loss  taken  into  account.  In  this  paper, 
the  Godunov  finite  difference  method  has  been  applied  to  numerically  solve  the 
governing  equations.  The  calculations  were  performed  for  several  sets  of  initial 
data,  parameters  and  mixture  composition.  The  impulse  and  thrust  values  and 
efficiency  of  the  engine  system  were  estimated. 

The  analytical  results  of  [3-5]  have  been  also  used.  In  addition,  some  exper¬ 
imental  results  are  reported. 


2  GOVERNING  EQUATIONS 

2.1  Quasi- One- Dimensional  Approach 


The  model  is  based  on  the  equations  for  a  quasi-one-dimensional  (ID)  unsteady 
flow  of  a  gas  mixture  in  a  tube  of  variable  cross-section.  The  combustion  process, 
wall  friction  and  heat  loss  are  approximately  taken  into  account.  The  following 
governing  equations  are  used. 

1.  Gas  motion: 


d{pA)  ^ 
dt 

d{puA)  _ 
dx 


d{puA) 

dx 

d{puuA  -F  pA) 
dx 


djpEA)  ^  djpuEA  +  puA) 

dt  dx 

p  uu  ^  4f  uu  u 

p  =  pRT ,  e  -  +  Y  ’  ^  “  T  2  |«1 

q_  _  K_(T_  -  T)  (heat  loss) 


(1) 


(friction) 
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2.  Combustion: 


dc 

dt 

dl3* 

dt 

d{Ap) 

dt 


=  K*{P,P,P)e.^'P  ^-E*^ 
=  +  Aa{x ,t) -{■  Ad* 


d{pADdd/dx) 

dx 


(heat  release  rate) 

(induction  period,  0  <  c  <  1) 

(burning  after  the  induction  period)  (2) 


(approximation  of  diffusion) 


In  the  above  equations,  t  is  time,  x  is  the  coordinate,  p  is  the  density,  p  is  the 
pressure,  u  is  the  flow  velocity,  T  is  the  temperature,  e  is  the  total  internal  energy, 
7  is  the  specific  heat  ratio,  L  is  the  tube  diameter,  is  the  heat  loss,  A  =  ^(a;) 
is  the  cross-section  area,  Q  is  the  combustion  heat,  and  E*  are  the  constants, 
K{p,p)  and  K*{p,p,P)  are  the  known  functions,  D  is  the  turbulent  diffusion 
coefficient,  is  the  heat  transfer  coefficient,  T-  is  the  ambient  temperature, 
/  is  the  friction  coefficient,  a{Xyt)  is  the  source  of  the  matter,  and  jS  is  the 
combustible  mixture  concentration. 


2.2  Two-Dimensional  Model 


The  model  is  based  on  the  gasdynamic  equations  written  for  a  two-dimensional 
(2D)  nonsteady  flow  of  a  gas  mixture  in  a  tube  of  variable  cross-section.  The 
combustion  process,  wall  friction  and  heat  loss  are  taken  into  account.  The 
following  equations  were  used. 

1.  Gas  motion: 

da  dh  dc  1  . 

'di^Tt^¥v  =  -p-^^ 


a  = 


P 

pu 


,  6  = 


pu 

p  +  puu  -h  puv 


,  c  = 


pv 

puv 


J-  - 


pv 

puv 


3  = 


0 

-pF 

-pG 

p{q*  +  g-  +  9) 


(3) 


291 


HIGH-SPEED  DEFLAGRATION  &  DETONATION 


p  =  £  =  cT,  e  =  p 

F  =  VVV^^.  G  =  2/V'V'i^ 

2.  Combustion: 

Similar  to  Eqs.  (2). 

In  these  equations,  the  same  notations  as  in  Eqs.  (1),  (2)  are  adopted.  Ad¬ 
ditional  notations  are  as  follows:  u  and  v  are  the  components  of  the  velocity 
vector  £  IS  the  internal  energy,  c  is  the  specific  heat,  /  is  the  friction  coeffi¬ 
cient  (/  >  0  only  near  the  chamber  walls),  and  q*  is  the  electric  discharge  energy. 
The  method  of  integral  relation  and  Godunov  finite  difference  method  were  used 
to  numerically  solve  the  problem.  Nonuniform  computational  grids  were  used.  A 
special  procedure  was  worked  out  to  integrate  the  combustion  kinetic  equation 
and  to  determine  the  concentration  13. 

The  engine  of  interest  includes  four  major  parts  (see  Fig.  1):  inlet  J,  com¬ 
bustion  chamber  2,  electric  discharge  3,  and  outlet  4.  Simple  models  of  these 
operation  units  are  considered  below. 


3  RESULTS  OF  CALCULATIONS 

3.1  Combustible  Gas  Flow  in  a  Combustion  Chamber 
and  Engine  Tubes 

The  flow  pattern  in  the  combustion  chamber  is  shown  schematically  in  Fig.  la. 
Here  BM  denotes  the  combustible  mixture,  CP  the  combustion  products,  F 
the  flame,  ED  the  location  of  the  electric  discharge.  Numbers  in  Fig.  16  in¬ 
dicate  dimensions  in  mm  for  the  computational  example.  The  ID  numerical 
solution  has  been  obtained  for  C2H2-  and  CaHg-air  mixtures  for  the  follow¬ 
ing  set  of  data:  pulse  frequencies  of  200,  148,  139,  and  167  Hz;  mass  flow  rate 
of  the  combustion  mixture  15.4  g/s;  mean  rate  of  the  combustion  heat  release 
q  =  26-10  J/s;  /  =  0.01,  =  5-10  W/iirFK),  electric  discharge  energy  of 

30  J /cycle. 

The  results  of  computation  are  shown  in  Figs.  2  and  3.  Figure  3  pertains  to 
the  propane-air  mixture  with  the  mean  temperature  T  =  2000  K,  pulse  frequency 
167  Hz,  with  electric  discharges.  The  results  of  Figs.  2  and  3  were  computed  by 
using  the  Godunov  method  in  the  ID  approach. 

The  experimental  results  are  presented  in  Fig.  4  for  the  same  chamber  con¬ 
figuration.  The  theoretical  results  are  qualitatively  close  to  the  experiment. 
Efficiency  estimations  revealed  the  following: 
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(a) 


215 


140 


60  250 


900 


(b) 


Figure  1  Schematic  of  the  pulse  detonation  engine  (o):  1  —  inlet;  2  —  combustion 
chamber;  3  —  discharge;  4  —  outlet.  (6)  The  model  for  experiment  and  calculation 
(dimensions  in  mm) 


(fl)  The  mean  mechanical  thrust  of  the  engine  is  40%  higher  when  an  additional 
energy  in  amount  of  about  23%  is  deposited  by  the  discharges.  The  ratio 
of  the  kinetic  energy  generated  by  the  engine  to  the  energy  input  (thermal 
energy  plus  electrical  energy)  may  increase  by  5%  for  the  case  of  the  electric 
discharge.  These  estimate  depends  on  the  wall  loss. 

(b)  The  point  of  operation  of  the  electrochemical  pulse  jet  engine  at  a  maxi¬ 
mum  efficiency  does  not  coincide  with  the  maximum  specific  thrust  point 
(the  thrust  per  cross-section  area  of  the  engine).  Varying  the  operation 
conditions  (e.g.,  electric  discharge,  heat  conduction,  combustible  mixture, 
etc.)  makes  it  possible  to  achieve  an  engine  performance  close  to  that  of 
supersonic  ramjet  air-breathing  aircraft  engines. 

Note  that  the  inlet  problems  were  studied  in  [7-9]. 


3.2  Pulse  Detonation  Engine 


Consider  now  a  2D  flow  pattern  when  the  discharge  electrodes  are  mounted 
along  the  axis  of  the  combustion  chamber  (i.e.,  explosion  of  a  cylindrical  shell  is 
considered).  The  length  of  the  energy  release  zone  is  equal  to  nAx,  where  Ax 
is  the  computational  cell  size.  The  discharge  energy  is  30  J/cycle,  as  adopted 
above. 
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The  results  of  2D  unsteady  cal¬ 
culations  made  by  A.N.  Gavrilov 
in  1993  are  shown  in  Fig.  5.  Af¬ 
ter  reflection  of  the  initial  detona¬ 
tion  wave  from  the  chamber  wall 
the  stage  of  the  implosion  gas  flow 
begins.  The  converging  shock  im¬ 
plodes  in  the  center  of  the  cham¬ 
ber  in  about  15  /is  after  the  instant 
of  discharge.  In  the  high-pressure 
region  near  the  chamber  center,  a 
complex  flow  arises  which  promotes 
fast  burning  of  the  propane-air  com¬ 
bustible  mixture. 

The  velocity  at  the  tube  exit  is 
increased  by  20%  as  compared  to 
that  obtained  with  an  ordinary  dis¬ 
charge.  The  flow  velocity  field  inside 
the  chamber  is  shown  in  Fig.  6.  This 
suggests  a  special  type  of  electric 
discharge  to  produce  an  imploding 
wave  and  a  new  type  of  a  pulse  det¬ 
onation  engine,  considered  below. 

A  concept  of  the  pulse  engine 
can  be  suggested  using  a  detonation 
process  in  the  combustion  chamber. 
The  “collar”  ring-type  discharge  is 
used  to  generate  a  converging  shock 
in  the  combustible  mixture  with  a 
detonation  stage  of  the  burning  pro¬ 
cess  (see  Fig.  7).  After  discharge,  a 
cylindrical  gas  shell  with  high  tem¬ 
perature  and  pressure  arises  and  the 
implosion  process  starts. 

The  specific  energy  of  the  shell 
explosion  is 

2'Khlr 

where  r  =z  R  —  h,  R  is  the  chamber 
radius,  /  is  the  axial  dimension  of  the 
area  occupied  by  electrodes,  h  is  the 


tfs 

Figure  3  Predicted  performance  of  the 
pulse  engine  operating  with  electric  discharge 
on  the  propane-air  mixture  with  frequency 
167  Hz.  Thrust  is  2.058  N 
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(a) 


Figure  4  Measured  pressure  histories  at  the  center  of  the  combustion  chamber: 
operation  without  (a)  and  with  (6)  electrical  discharge  with  frequency  148  Hz 


height  of  electrodes,  E  is  the  discharge  energy,  is  the  energy  released  in  the 
shell  due  to  combustion. 

The  converging  overdriven  detonation  propagates  towards  the  center  of  the 
chamber.  The  pressure  in  converging  shock  and  detonation  waves  can  be  evalu¬ 
ated  using  the  approximate  analytical  formula  presented  in  [5,  11,  12]  with  the 
asymptote  at  the  center,  P  ^  l/r^  *^.  Figure  8  shows  the  predicted  pressure 
variation  obtained  numerically  [11].  According  to  the  estimates,  the  pressure 
will  increase  17-fold  in  the  vicinity  of  the  center  after  shock  reflection. 

This  concept  can  be  applied  not  only  to  internal  combustion  engines,  but 
also  for  accelerating  projectiles  in  tubes,  i.e.,  in  RAM  accelerators. 

The  general  schematic  of  the  accelerator  is  not  considered  here.  The  results 
of  Hertzberg  (see,  for  example,  [3,  4,  14,  15])  indicate  that  the  projectile  velocity 
of  about  3  km/s  can  be  readily  attained  in  RAM  accelerators.  According  to  [13], 
the  accelerators  can  be  equipped  with  additional  devices  allowing  for  the  pulse 
modes  for  increasing  the  projectile  velocity,  for  example,  by  using  electric  or 
laser  spark  ignition  near  the  projectile  rear  wall  or  pulse  detonation  combustion 
inside  the  projectile. 
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Figure  5  Predicted  temporal  development  of  pressure  distribution  in  the  combustion 
chamber:  (a)  /  =  +  4  Ais;  {b)  t  =  U  +  10  fis]  (c)  t  =  U 12  fts;  {d)  t  =  id  +  20  /^s; 

id  IS  the  discharge  time,  r  and  x  are  the  cylindrical  coordinates 


(Continued) 


Figure  5  Predicted  temporal  development  of  pressure  distribution  in  the  combustion 
chamber:  (a)  t  =  td  +  4  fis]  (6)  t  =  td  +  10  ^s;  (c)  t  =  t d  +  12  (d)  t  -  <d  +  20  fts; 

id  is  the  discharge  time,  r  and  x  are  the  cylindrical  coordinates  (Continued) 
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Figure  6  Predicted  velocity  fields  inside  the  chamber;  (a)  t  -f  0.2tc;  {h)  i  — 
tb  +  O.Stc;  h  is  the  time  of  cycle  beginning  and  U  is  the  cycle  duration 


Figure  7  Schematic  of  the  implosion  process  in  the  combustion  chamber.  S  is  the 
electrode  surface.  A- A  is  the  chamber  sectional  view;  e  is  the  electrode,  h  is  the  hight 
of  electrodes  (h  ^  O.liJ);  H  is  the  high-pressure  zone  due  to  implosion 


4  EXPERIMENTAL  STUDIES 

The  interaction  between  the  spark  and  the  flame  was  studied  experimentally  in 
the  engine  prototype.  This  interaction  includes  two  important  issues:  (1)  dielec¬ 
tric  breakdown  in  the  interelectrode  region,  and  (2)  influence  of  the  arc  channel 
on  the  surrounding  gases.  Digital  oscilloscopes,  pressure  transducers,  and  ion 
Langmuir  probes  were  used  to  study  these  phenomena.  The  sparking  voltage 
for  a  gas  residing  in  a  uniform  field  between  two  electrodes  was  described  by 


299 


HIGH-SPEED  DEFLAGRATION  ^  DETONATION 


Paschen  curve  for  the  gas.  The  uni¬ 
form  field  was  obtained  by  fabricating 
the  electrodes  with  a  Rogowski  profile 
.  ^  -  4  which  precludes  field  enhancement  at 

j  the  gap  edges.  The  finite  element  elec- 

tromagnetics  software  package 

_  _ ANSOFT  was  used  to  analyze  the  elec- 

^20  electrode  gap.  Briefly, 

^  _  .2  engine  operation  is  as  follows:  (1)  a 

flow  of  the  fresh  combustible  mixture, 
coming  from  the  inlet  tube,  enters  the 
Figure  8  Estimated  shock  pressure  dur-  combustion  chamber  and  encounters 
ing  cylindrical  implosion  near  the  center  vicinity  of  the  electrodes)  a 

of  symmetry  (AP,/Po  ~  i'j°  ):  J  —  r  .u  u  .•  At 

7  =  1.4,  2  -  T  =  2,  7  is  the  specific  heat  stream  of  the  combustion  products 
jatiQ  coming  back  from  the  exhaust  tube, 

(2)  interaction  of  these  tw^o  flows  pro¬ 
duces  a  flame  front  that  in  turn  triggers  the  intense  electrical  discharge,  and 
(3)  the  plasma  channel  of  the  electrical  discharge  generates  a  pressure  wave 
which  is  followed  by  combustion.  Combustion  takes  place  at  an  elevated  pres¬ 
sure,  and  both  the  amplitude  of  pulsations  and  the  efficiency  of  the  engine  are 
increased.  The  general  view  of  the  experimental  device  and  the  corresponding 
pressure  records  in  a  twin  engine  are  presented  in  Fig.  9. 


Figure  8  Estimated  shock  pressure  dur¬ 
ing  cylindrical  implosion  near  the  center 
of  symmetry  (APa/Po  ^  1  — 

7  =  1.4,  2  —  7  =  2,  7  is  the  specific  heat 
ratio 


5  CONCLUDING  REMARKS 

Reported  herein  are  the  preliminary  results  on  the  electrochemical  pulse  jet 
engine.  Experiments  with  acetylene-air  and  propane-air  mixtures  showed  a 
thrust  increase.  The  results  of  quasi-one-dimensional  modeling  fit  the  experiment 
quite  well.  The  model  predicts  a  significant  thrust  increase  due  to  the  use  of 
electric  discharges.  Two-dimensional  modeling  has  also  been  implemented  for 
central  electrodes  mounted  along  the  cylindrical  chamber.  Flow  fields  of  the 
implosion  stage  in  this  configuration  were  studied. 

Further  comparison  between  experiments  and  predictions  has  to  be  made.  It 
is  intended  to  develop  a  detailed  model  of  this  new  type  of  engine.  Such  a  model 
could  be  used  to  design  large-scale  engines.  Detailed  modeling  of  the  combustion 
process  will  help  to  design  large-scale  engines  that  exhibit  smaller  amounts  of 
pollutants  in  exhaust  gases.  The  results  of  this  paper  can  be  applied  to  design 
jet  engines  for  hypersonic  airplanes  to  improve  their  operation  in  high-speed 
regimes,  and  for  small  submarines.  Some  other  preliminary  results  have  been 
reported  in  the  references  cited  below. 


300 


PULSED  DETONATION  ENGINES 


Time 

(b) 

Figure  9  A  general  view  of  the  twin  engine  system  (a)  and  pressure  histories  measured 
in  the  combustors  with  a  shifted  phase  of  the  cycles  (6) 
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ABOUT  A  DETONATION  ENGINE 
WITH  EXTERNAL  COMBUSTION 


A.  A.  Vasil’ev 


Schematic  of  a  detonation  engine  with  external  combustion  is  discussed. 
The  design  is  based  on  the  experimental  realization  of  a  detonation 
regime  in  a  gaseous  layer  of  finite  width  adjacent  to  a  cylindrical  outer 
surface  with  a  free  external  gaseous  boundary.  New  reinitiation  centers 
have  been  found  to  develop  periodically  at  some  distance  away  from 
the  inner  boundary  within  the  gas  layer.  Microcenters  located  at  some 
distance  from  the  internal  curvilinear  boundary,  turn  the  detonation 
wave  toward  the  inside  and  support  its  propagation  along  the  curvilin¬ 
ear  boundary.  Simple  models  for  estimating  the  critical  radius  and  width 
of  the  gaseous  layer  are  proposed. 


1  INTRODUCTION 


It  is  known  that  in  a  circular  tube  of  constant  cross-section,  at  a  low  pressure  the 
detonation  wave  (DW)  can  propagate  in  a  mode  with  a  single  transverse  wave, 
i.e.,  in  the  mode  of  spinning  detonation  (see,  for  example,  [1,  2]).  In  this  case, 
the  transverse  wave  (TW)  rotates  along  the  inner  concave  tube  surface,  which 
is  an  external  boundary  for  the  gaseous  explosive  mixture.  The  solid  tube  wall 
plays  a  major  role  in  the  TW  rotation  and  in  producing  a  constant  velocity  of 
propagation  along  the  axis. 

In  the  frame  of  reference  attached  to  the  detonation  front,  the  TW  is  con¬ 
tinuously  rotating  along  the  inner  periphery  of  the  tube.  From  the  propulsion 
point  of  view,  this  flow  pattern  can  be  considered,  as  an  engine  schematic  with 
the  internal  rotating  DW  in  a  supersonic  flow. 

The  limiting  condition  of  detonation  wave  propagation  in  a  tube  with  rigid 
walls  is  normally  characterized  by  the  limiting  diameter  dum.  At  d  <  dum, 
propagation  of  the  DW  along  the  tube  axis  is  impossible  at  any  power  of  the 
initiation  charge  (see,  for  example,  [3,  4]). 


303 


HIGH-SPEED  DEFLAGRATION  fc  DETONATION 


In  curved  tubes,  the  concave  solid  wall  plays  also  a  governing  role  in  inclina¬ 
tion  and  rotation  of  the  DW  front  —  due  to  regular  and  irregular  DW  reflection 
and  flow  compression  near  the  concave  solid  wall.  A  typical  case  is  the  incli¬ 
nation  and  rotation  of  the  DW  in  a  curvilinear  tube  connecting  two  rectilinear 
segments  of  a  detonation  tube  (see,  for  example,  [5]).  Inclination  and  rotation 
of  the  DW  may  be  treated  as  its  diffraction  on  a  concave  boundary. 

So  far,  no  spinning  detonation  was  observed  in  wall-free  rectilinear  gaseous 
charges,  e.g.,  in  axially  symmetric  long  unconflned  gaseous  jets.  Without  sup¬ 
port  of  a  solid  wall,  the  TW  is  not  capable  of  rotating,  therefore  self-sustaining 
propagation  of  the  spinning  DW  along  the  jet  axis  is  impossible  [6].  In  rectilin¬ 
ear  free  gaseous  charges  (FGC),  a  multifront  detonation  regime  with  many  TW 
rather  than  the  spinning  DW  with  a  single  TW  has  been  observed  [6,  7]. 

Under  conditions  of  stationary  DW  propagation,  the  FGC  diameter  is  referred 
to  as  the  critical  diameter  d^.  At  d  <  no  self-sustaining  DW  propagation 
along  the  charge  axis  has  been  observed  [8].  This  definition  of  the  critical  di¬ 
ameter  applies  to  charges  without  confining  walls  and  to  FGC  in  the  form  of 
explosive  mixture  jets.  It  is  evident,  that  the  limiting  propagation  regimes  in  a 
tube  and  jet  differ  considerably,  and  dum  <C  d^.  A  curved  semi-free  or  entirely 
free  layer  of  gaseous  explosive  mixture  without  an  external  supporting  solid  wall 
can  be  realized,  for  example,  when  a  combustible  mixture  is  injected  (axially, 
radially,  or  at  some  angle  to  the  flight  trajectory)  into  a  flow,  as  shown  in  Fig.  1. 
In  this  case,  the  layer  is  characterized  by  an  internal  and  external  radii,  or  by  a 
thickness. 

The  idealized  schematic  of  external  combustion  in  a  ring-shaped  layer  with 
a  curvilinear  free  boundary  is  shown  in  Fig.  2.  This  device  can  be  reffered  to  as 
the  engine  with  external  combustion. 

A  possibility  of  realizing  a  DW,  that  rotates  as  it  propagates  along  a  curved 
layer  of  gaseous  explosive  mixture,  without  an  external  supporting  solid  wall  is 
not  readily  evident.  At  least  three  issues  should  be  addressed  when  considering 
such  a  flow  configuration: 

(1)  the  physical  mechanism  of  DW  rotation; 

(2)  the  minimum  curvature  radius  of  a  ring-shaped  gaseous  layer  required  for 
such  a  configuration;  and 

(3)  the  minimum  thickness  of  a  ring-shaped  mixture  layer,  required  for  quasi¬ 
stationary  DW  propagation. 

In  terms  of  the  classical  theory,  propagation  of  the  DW  with  a  srtiooth  radially 
oriented  front  (normal  to  the  boundaries  as  in  Fig.  2)  along  a  ring-shaped  charge 
is  impossible.  In  this  case,  the  velocity  of  DW  propagation  near  the  external 
boundary  of  the  ring-shaped  charge  must  exceed  the  DW  velocity  near  the  inner 
boundary  despite  the  constancy  of  the  chemical  energy  release.  This  can  be 
achieved  using  a  radially  stratified  mixture  with  a  carefully  adjusted  distribution 
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Figure  1  Schematic  of  generation  of  a 
free  annular  gaseous  explosive  layer  with 
axial  or  radial  injection 


Figure  2  Schematic  of  external  com¬ 
bustion  in  a  ring-shaped  gas  layer  behind 
a  rotating  DW 


of  the  fuel-oxidizer  ratio  along  the 
radius  of  a  ring-shaped  charge. 
Moreover,  in  a  rectilinear  FGC,  sta¬ 
tionary  propagation  of  a  multifront 
DW  is  possible  only  in  the  case, 
when  the  thickness  of  the  explosive 
gas  layer  exceeds  a  critical  value, 
h  >  h* .  This  also  applies  to 
the  unconfined  jet  case,  when  the 
charge  diameter  must  exceed  a  crit¬ 
ical  value,  d  >  d^. 

This  paper  is  primarily  con¬ 
cerned  with  the  elucidation  of  the 
physical  mechanism  of  DW  rota¬ 
tion  as  it  propagates  along  a  curved 
gaseous  layer,  with  a  cylindrical  sur¬ 
face  of  radius  Rq  serving  as  the  in¬ 
ternal  boundary.  In  other  words,  the 
object  of  the  study  is  DW  propaga¬ 
tion  along  the  outer  gaseous  layer 
around  a  cylinder.  The  paper  also 
attempts  to  answer  the  above-listed 
problems  as  applied  to  FGC  with  a 
curved  free  boundary. 

So  far,  DW  propagation  along  a 
convex  curved  boundary  has  been 
properly  analyzed  neither  numeri¬ 
cally  nor  experimentally.  The  in¬ 
terest  to  this  problem  has  increased 
sharply  in  connection  with  the  de¬ 
velopment  of  detonation  engines. 


2  DETONATION  WAVE  DIFFRACTION 
EXPERIMENTS  AND  RESULTS 

ConsWer  classical  experiments  (e.g.,  [9-12])  on  two-dimensional  diffraction  of 
multifront  DW  on  rectilinear  and  curvilinear  (on  a  convex  segment  of  radius  Ro) 
boundaries.  In  Fig.  3,  the  rectilinear  boundary  is  presented  by  line  OP  and  the 
convex  boundary  is  shown  by  a  circle  of  radius  HO.  Experiments  were  carried 
out  in  flat  channels  of  a  constant  depth  5.  From  a  channel  of  a  constant  width 
/,  the  DW  entered  an  expanding  channel  with  an  inclination  angle  a  (boundary 
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OF  in  Fig.  3),  or  with  broadening  via  a  segment  arc  of  a  constant  radius  of 
curvature  Rq  (circular  arcs  of  radius  GO  ov  HO  in  Fig.  3).  Line  BAG  in  Fig.  3 
is  the  channel  axis.  The  width  of  the  flat  channel  /,  the  expansion  angle  o  for  the 
rectilinear  boundary  or  the  curvature  radius  Rq,  were  varied  in  the  experiments. 
In  addition,  the  characteristic  cell  size  a  of  the  multifront  DW  was  varied  with 
changing  the  initial  pressure,  Pq,  of  the  mixture.  The  channel  half-width,  1/2,  in 
the  diffraction  scheme  of  Fig.  3  is  qualitatively  equivalent  to  the  layer  thickness, 
h,  in  the  scheme  of  Fig.  2. 

At  a  fixed  geometry  and  channel  size  (Rq,  1,5),  DW  destruction  with  transfor¬ 
mation  into  a  regime  of  high-speed  turbulent  combustion  was  observed  after  DW 
entered  the  expanding  channel  at  Pq  <  Pi.\  at  Pq  >  P;;  the  DW  was  reinitiated. 
Here,  Pj+  and  Pj*  are  certain  critical  pressures,  at  which  the  failure  and  reiniti¬ 
ation  of  the  DW  occur  at  fixed  Rq,  /,  and  5.  In  general,  P.  =  f{RoJ^  5)  ^  Pj^. 
Typical  self-luminosity  photographs  of  DW  diffraction  in  a  C2H2+2.5O2  mixture 
are  demonstrated  in  Fig.  4.  The  DW  propagates  from  left  to  right.  In  Fig.  4a, 
the  DW  decays  (P  <  P*)  while  in  Fig.  46  the  DW  is  reinitiated  (P  >  Pj*). 
In  Fig.  46,  new  reinitiation  centers  are  observed  in  the  expanding  channel  as 
starting  points  of  the  divergent  flow  with  small  cell  sizes  (much  lower  than  the 
normal  size). 

Figures  5  and  6  display  experimental  data  on  DW  reinitiation  (filled  symbols) 
and  failure  (open  symbols)  in  the  mixture  C2H2  +  2.502  for  DW  diffraction  on 
rectilinear  (Fig.  5)  and  curvilinear  (Fig.  6)  boundaries  at  different  initial  pressure 
Po.  The  results  of  diffraction  on  a  rectilinear  boundary  (as  OP  or  OP  in  Fig.  3) 
with  variable  angle  a  are  as  follows:  among  all  Pi*  there  is  a  critical  value 
P*  so  that  at  any  P  >  P*  the  DW  reinitiation  process  is  observed  for  any  a 


Figure  3  Schematic  of  experiments  on  two-dimensional  DW  diffraction  on  rectilinear 
(line  OP  or  OP)  or  curvilinear  (radius  HO  or  GO)  expanding  boundaries 
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(b) 


Figure  4  Self-luminosity  photographs  of  DW  attenuation  (a)  and  reinitiation  (6) 
under  diffraction  on  a  curved  boundary  of  radius  Rq-.  (a)  channel  30  x  1.5  mm,  Ro  ~ 
120  mm,  P  <  Pi*;  (b)  channel  15  x  1.5  mm,  Rq  =  60  mm,  P  >  Pj* 


(domain  II  in  Fig.  5).  Furthermore,  there  is  a  limiting  angle  a*  such  that  at  any 
a  >  a*  the  DW  reinitiation  and  DW  failure  depend  on  a  single  parameter  —  the 
critical  mixture  pressure,  which  is  the  same  as  at  P  <  P*  only  DW  failure  is 
observed  (domain  II),  at  P  >  P^  DW  is  reinitiated  (domain  I).  At  cx  >  a*  the 
critical  pressure  for  the  reinitiation  and  failure  processes,  Pq  =  P*.  At  o  <  0+, 
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Figure  5  Summarized  data  on  detona¬ 
tion  wave  diffraction  on  rectilinear  bound¬ 
aries  in  C2H2  +  2.5O2  mixture:  1  —  reini¬ 
tiation,  2  —  failure 


Figure  6  Summarized  data  on  det¬ 
onation  wave  diffraction  on  curvilin¬ 
ear  boundaries  in  C2H2  -1-2.502  mixture: 
1  —  reinitiation,  2  —  failure 


the  concept  of  the  critical  pressure  P#  degenerates:  the  DW  failure  domain  can 
be  reduced  and  the  DW  reinitiation  domain  can  be  expanded  accordingly  on 
the  value  of  domain  III,  where  reinitiation  processes  depend  not  only  on  the 
initial  pressure,  but  also  on  the  expansion  angle.  It  should  be  mentioned  that 
the  reinitiation  processes  at  a  =  o*  and  a  are  similar  and  isotropic  with 

respect  to  the  angle. 

Local  spots  (single  or  several)  of  spontaneous  or  forced  mixture  ignition  are 
responsible  for  DW  reinitiation  (as  a  result  of  induction  period  termination, 
collisions  of  weak  disturbances,  etc.).  These  hot  spots  should  arise  not  later  than 
the  time  taken  for  the  rarefaction  waves  to  travel  from  the  charge  periphery 
to  its  axis  (from  point  O  to  point  C  in  Fig.  3)  with  h  =  0.5//(D  tan  ^),  where  D 
is  the  average  DW  velocity  (along  the  channel  axis)  and  (p  is  the  average  angle 
between  the  TW  trajectories  and  channel  axis. 

For  DW  diffraction  on  a  convex  circular  boundary  with  variable  segment 
radius  Rq  and  channel  width  I,  the  ratio  l/Ro  plays  the  role  of  a  dimension¬ 
less  parameter  equivalent  to  the  expansion  angle  a  for  the  rectilinear  boundary 
(Fig.  6),  i.e.,  the  Po{a)  dependence  is  similar  to  the  Po(//'^o)  dependence.  At 
Rq  /,  the  reinitiation  is  observed  at  P  >  Piimit-  As  Rq  decreases,  the  crit¬ 
ical  pressure  of  DW  reinitiation  increases,  Pumit  <  Po  <  P*  (domain  III).  At 
Rq  <  {Rq)  nin,  Po  =  const  =  P^  (domain  I).  The  pressure  Pumit  in  Figs.  5  and 
6  is  the  lijiiiting  pressure  for  stationary  DW  propagation  in  a  channel  of  cross- 
section  1x5  [4].  Logarithmic  scale  is  chosen  on  the  T-axis  of  Fig.  6  for  better 
clarity. 
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3  DETONATION  WAVE  ROTATION  EXPERIMENTS 
AND  RESULTS 

Experiments  on  direct  initiation 
of  DW  near  the  inner  boundary 
and  quasi-stationary  propagation 
of  a  multifront  DW  along  a  curvi¬ 
linear  gas  layer  around  a  cylin¬ 
drical  surface  (see  Fig.  7)  were 
conducted.  Radius  Rq  of  the  in¬ 
ner  boundary  of  the  curvilinear 
gaseous  layer  and  cell  size  a  were 
varied.  The  effect  of  the  outer 
boundary  is  insignificant  if  the 
characteristic  period  of  wave 
travelling  from  the  inner  to  the 
outer  boundary  and  backward  is 
shorter  than  any  characteristic 
time  of  the  reinitiation  processes. 

Quasi-stationary  propagation 
of  a  multifront  DW  around  a  cy¬ 
lindrical  surface  in  a  circular  gas¬ 
eous  layer  is  the  principle  of  a 
detonation  engine  with  external 
combustion. 

In  a  circular  channel  of  a  constant  cross-section,  the  following  combustion 
and  detonation  modes  are  observed  depending  on  the  initial  pressure  Pq: 

(i)  mixture  ignition  near  the  electrode,  subsequent  complete  detonation  failure, 
and  deflagration  at  some  distance  from  the  electrode  at  low  Pq; 

(ii)  DW  initiation  near  the  electrode,  subsequent  DW  failure  at  some  distance 
away  from  the  electrode  and  mixture  combustion  in  the  rest  part  of  the 
gaseous  layer; 

(iii)  galloping  detonation  in  the  circular  channel  with  an  outer  curvilinear  wall  ■ 
when  the  typical  “DW-excitation  -  DW-attenuation”  process  repeats  peri¬ 
odically:  after  DW  departs  from  the  electrode  and  then  is  transformed  in 
turbulent  burning,  new  DW  is  formed  in  some  area  of  the  channel  near  the 
outer  boundary  as  a  result  of  a  microexplosion; 

(iv)  regime  of  DW  initiation  at  one,  two,  etc.  points  A  some  distance  away  from 
the  turning  boundary  at  a  pressure  above  some  value  (depending  on 
a  curvature  radius,  mixture  composition,  channel  depth,  etc.)  is  observed. 


Figure  7  A  photograph  of  DW  rotation  (clock¬ 
wise)  around  a  cylindrical  surface  of  radius  Rq  — 
40  mm  in  C2H2  -f  2.502  mixture.  Points  A  are 
the  reinitiation  centers  of  DW 
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which  can  be  referred  to  as  quasi-stationary  DW  propagation  in  a  circular 
channel  as  in  Fig.  7.  Points  A  indicate  the  extremal  locations  corresponding 
to  reinitiation  centers.  The  number  of  reinitiation  spots  increases  with  Pq* 

Figure  7  illustrates  an  opportunity  of  realizing  external  combustion  in  a  det¬ 
onation  mode  around  a  cylindrical  surface.  It  is  evident  from  the  photograph  of 
Fig.  7  that  a  continuously  operating  detonation  engine  with  external  combustion 
can  actually  be  implemented. 

Moreover,  Fig.  7  demonstrates  the  basic  mechanism  of  rotation  and  quasi- 
stationary  propagation  of  a  multifront  DW  in  a  ring-shaped  gaseous  charge,  for 
this  purpose  it  is  necessary,  that  new  reinitiation  centers  appear  periodically  in 
the  attenuated  wave  at  some  distance  from  the  turning  surface.  In  a  gaseous 
charge  with  a  free  boundary,  the  propagation  of  a  multifront  DW  appears  to  be 
possible  if  the  width  of  the  gaseous  layer  around  a  turning  surface  is  sufficient 
for  continuous  DW  reinitiation  due  to  microexplosions. 


4  SIMPLE  ESTIMATES  OF  LAYER  SIZES 
AT  DETONATION  WAVE  DIFFRACTION 

The  above  findings  offer  a  simple  procedure  for  estimating  the  magnitudes  of 
the  critical  curvature  radii  and  minimum  widths  of  a  ring-shaped  charge  layer. 
Referring  to  Fig.  3,  at  any  form  of  DW  expansion,  the  rarefaction  wave  (RW) 
arises  at  point  O.  Line  OC  is  the  trajectory  of  the  RW  front  as  it  travels  along  the 
DW  front.  At  point  C  (on  the  charge  axis),  the  RW  suppresses  completely  the 
chemical  reaction  behind  the  DW  front.  Thus,  point  C  on  the  channel  axis  is  the 
site  of  the  latest  reinitiation  center  under  DW  diffraction.  If  no  new  reinitiation 
centers  arise  till  this  point,  the  detonation  regime  is  destroyed  and  transformed 
into  turbulent  combustion. 

In  the  case  of  a  rectilinear  boundary  with  a  critical  expansion  angle  a^,  the 
straight  lines  AC  and  AF  play  the  role  of  the  sector  boundaries,  in  which  a  new 
DW  must  be  reinitiated  no  further  than  point  C  (the  choice  of  a.  is  dictated 
by  the  isotropy  condition  of  a  sector-circle  system).  Therefore,  the  segment 
j4C  =  AE  can  be  identified  with  the  reinitiation  radius  ii»  (thus,  the  DW  front 
KEFC  is  normal  to  the  sector  boundaries): 

R,  =  ^(cota,  -I-  coti^) 

Here  /  is  the  width  of  the  channel,  is  the  average  angle  of  the  RW  trajectory 
as  it  propagates  along  the  DW  front,  practically  conterminous  with  the  average 
angle  of  TW  trajectories  at  stationary  propagation  of  a  multifront  DW. 
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The  equations  for  the  radius  of  the  turning  circle  Rq  (for  example,  GO)  and 
the  reinitiation  radius  are  readily  derived  from  Fig.  3: 

x^  +  {y-  Rof  =  Rl 
(x  +  ^cota,)  +(j;+0 

At  the  intersection  point  F  of  the  curvilinear  boundary  and  the  reinitiation  ra¬ 
dius,  the  equivalent  expansion  angle  a  in  the  area  a?  >  0  and  y  >  0  is  comparable 
with  that  for  the  rectilinear  boundary  OF\  a  =  f{xF,yF)>  The  second  point  of 
intersection  at  a;  <  0,  y  >  0  has  no  physical  meaning. 

Point  E  of  intersection  of  the  reinitiation  radius  with  line  y  =  x  tan  a* 
corresponds  to  ~  Thus,  points  F  lie  inside  the  critical  sector  EAC  at 
Ro  >  1/2  and  beyond  it  at  Rq  <  1/2,  Experimental  data  at  J^o  >  must 
belong  to  domains  I  and  III,  and  at  Rq  <  1/2  —  to  domains  I  and  II, 

The  unique  solution  —  point  K  —  is  realized  at  some  minimum  radius  of  the 
turning  boundary  (-Ro)min  =  RO  =  HK,  Using  the  data  of  Fig.  5  (cot  a*  =  1.0 
and  tan  9?  =  0.55),  one  arrives  at  the  following  relation:  (i^o)min  >  0.4/. 

Thus,  a  necessary  width  of  a  gaseous  layer  with  the  reinitiation  center  at 
point  C  (on  the  outer  charge  boundary)  satisfies  the  condition  AR  (HC  — 
HO)  >  0.9/. 

The  above  two  relations  for  (-Ro)min  and  AR  can  be  recommended  for  prac¬ 
tical  estimations. 

Parameter  1/Rq  in  the  case  of  a  convex  boundary  plays  the  role  of  an  ex¬ 
pansion  angle  a  for  a  flat  wall,  and  {l/Ro)min  =  2  is  equivalent  to  the  critical 
angle  a*.  At  Rq  <  (i?o)tninj  the  reinitiation  process  is  independent  of  the  initial 
pressure,  and  DW  has  no  contacts  with  the  boundary  (cellular  DW  structure  is 
observed  only  at  some  distance  from  the  boundary). 

When  point  E  lies  both  on  the  circle  and  line  OP,  radius  R  =  0.5/  and 
mixture  layer  thickness  is  0.84/. 


5  CRITERION  OF  QUASI-STATIONARY 
DETONATION  WAVE  PROPAGATION 
AROUND  THE  CURVILINEAR  SURFACE 

For  quasi-stationary  propagation  of  a  multifront  detonation  wave  along  a  curvi¬ 
linear  convex  surface  it  is  necessary,  that  in  the  weakened  wave  new  reinitiation 
centers  arise  periodically  at  some  distance  from  the  diffracted  surface  (within 
the  limits  of  the  gas  layer  thickness).  Being  located  at  some  distance  from  the 
curvilinear  boundary,  these  reinitiation  centers  turn  DW  to  the  inner  wall. 
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6  SIMPLE  ESTIMATION  OF  A  LAYER  SIZE  WITHIN 
THE  SCHEME  OF  REINITIATION  CENTERS. 
MATHEMATICAL  MODEL  AND  ITS  COROLLARY 


A  simple  mathematical  model 
for  estimating  the  minimum 
thickness  of  a  gaseous  layer  /* 
through  geometrical  parameters 
of  the  curvilinear  surface  and 
physico-chemical  parameters  of 
the  combustible  mixture  is  pro¬ 
posed  below. 

Points  and  iif  in  Fig.  8 
are  neighboring  reinitiation  cen¬ 
ters;  AB  (and  EF)  is  the  front 
of  a  DW  emanating  from  the 
G-  and  C- centers  at  the  instant 
when  rarefaction  waves  arise; 
AC  (and  EE)  is  the  trajectory 
of  the  RW  front  which  termin¬ 
ates  the  chemical  reaction  in  the 
DW,  V?  =  LCOE,  jp  =  AAOC; 

—  (p  +  'tp  =  where  n  is 

the  total  number  of  the  reinitia¬ 
tion  centers  in  the  circle. 


Figure  8  Schematic  of  quasi-station  ary  deto¬ 
nation  wave  propagation  in  an  annular  gaseous 
layer 


With  this  simple  geometrical  scheme,  one  can  obtain  the  following  relations: 

Rq 


cos  (p  = 


R 


and  then 


^  cos  a  =  cos(a  +  (p) 

R 

the  relation  between  the  angles; 

cos  a  “  cos(a  -h  x) 


tan  p  = 


sin 


(a  +  x) 


(1) 

(2) 

(3) 


Using  Eqs.  (l)-(3)  yields  a  relation  between  the  radii  of  the  inner  and  outer 
R  gaseous  layer  boundaries  as  a  function  of  angle  x  between  the  neighboring 
reinitiation  centers: 


R{x)  =  Ro 


-h  cos^  a  —  2  cos  a  •  cos(q;  -h  x) 


sin(a  -H  x) 


(4) 
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On  the  one  hand,  because  i^(x)/-Ro  >  1,  the  inequality  cos  a  >  cos(a  +  x) 
must  hold,  so  that  0  <  x  <  (tt  -  a). 

On  the  other  hand,  it  is  easy  to  derive  the  following  relations: 


AC  = 


I 


2  sin  a 


(5) 


R  _  AC 
COS  a  sin(x  —  (p) 

where  is  the  critical  channel  width  for  DW  diffraction.  From  the  latter 
formulas  one  obtains: 


R{x,<p)-=0.bh 


cot  a 


sin(x  -  p) 

The  critical  channel  width  can  be  expressed  as 


(7) 


«  ka  (8) 

where  a  is  the  detonation  cell  size,  k  is  a  coefficient  depending  on  mixture  com¬ 
position,  channel  size,  etc. 

Equations  (4),  (7),  and  (3)  can  be 
transformed  to  a  nonlinear  equation 

/(/** ,  Rq,  Of,  x)  = 

f(a,k,Ro,a,x)  =  0  (9) 

At  fixed  values  of  and  Pq  (and  so 
at  known  a,  k,  a),  Eq.  (9)  has  a  solution 
X  =  X*  =  X*(0.5/**/i7o)-  The  solution  of 
Eq.  (9)  is  demonstrated  in  Fig.  9  as  the 
dependence  of  angle  x  between  the  neigh¬ 
boring  reinitiation  centers  on  the  ratio  of 
the  critical  width  of  a  diffraction  chan¬ 
nel  0.5/**  to  the  internal  boundary  radius 
Rq.  Known  the  x  value,  the  minimum 
layer  width  AR  =  [iE(xO  “  ^o]  can  be 
also  evaluated. 

The  main  corollary  of  Eq.  (9)  is  as  follows: 

~  at  fixed  Rq  ,  an  increase  of  chemical  activity  of  a  mixture  or  increase  in  the 
initial  pressure  Pq  diminishes  the  necessary  thickness  of  a  gaseous  layer; 

—  at  the  same  time,  a  decrease  in  Rq  at  a  fixed  Pq  entails  an  increase  in  the 
thickness  of  a  gaseous  layer  required  for  quasi-stationary  propagation  of  a 
DW. 


Figure  9  Predicted  dependence  of  the 
angle  between  the  neighbouring  reiniti¬ 
ation  centers  on  the  ratio  of  layer  geo¬ 
metrical  sizes 
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7  CONCLUDING  REMARKS 

The  significant  results  of  the  investigation  are  as  follows: 

(i)  quasi-stationary  regimes  of  multifront  DW  rotation  around  a  convex  curvi¬ 
linear  surface  have  been  realized  experimentally; 

(ii)  it  has  been  established  that  stationary  DW  propagation  along  a  curvilin¬ 
ear  convex  surface  is  possible  due  to  periodic  formation  of  DW-reinitiation 
centers  at  some  distance  from  the  rotation  boundary; 

(iii)  a  mathematical  model  has  been  suggested  that  allows  one  to  estimate  the 
minimum  thickness  of  a  gaseous  layer  required  for  quasi-stationary  rotation 
of  a  multifront  detonation  in  a  free  annular  gaseous  layer; 

(iv)  the  results  of  calculations  have  been  shown  to  be  consistent  with  experi¬ 
mental  observations; 

(v)  operation  of  a  detonation  engine  with  external  combustion  has  been  shown 
to  be  quite  feasible. 
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DUAL-FUEL  CONCEPT 
FOR  ADVANCED  PROPULSION 


S.M.  Frolov,  V.  Ya.  Basevich,  and  A,  A.  Vasil’ev 


A  dual-fuel  concept  for  advanced  combustors  operating  in  deflagration  or 
detonation  mode  has  been  theoretically  evaluated.  The  concept  implies 
that  the  liquid-fueled  air-breathing  propulsion  device  operates  on  two 
liquid  fuels  that  are  delivered  to  the  combustion  chamber  by  means  of 
controlled  distributed  injection  and  in  situ  mixing  with  each  other  and 
with  air.  The  fuels  are  supposed  to  exhibit  essentially  different  reactivi¬ 
ty  in  terms  of  ignition  delays,  burning  rates  and  sensitivity  to  detona¬ 
tion.  Jet  propulsion  kerosene  and  hydrogen  peroxide  were  found  to  be 
promising  components  of  a  dual-fuel  system  for  applications  in  advanced 
propulsion  engines.  The  use  of  the  dual-fuel  concept  was  shown  to  allow 
the  efflcient  control  of  energy  density  of  the  burning  material,  specific 
impulse,  reactivity  (in  terms  of  ignition  delays  and  burning  rates),  resist¬ 
ance  to  premature  ignition,  and  detonability  (in  terms  of  the  detonation 
cell  size  and  critical  initiation  energy). 


1  INTRODUCTION 

Several  configurations  of  advanced  chemical  propulsion  systems  that  will  operate 
in  the  detonative  combustion  mode  are  possible.  One  applies  a  concept  of  fuel 
combustion  in  a  stabilized  detonation  front  [1].  This  concept  implies  that  the 
approach  stream  velocity  is  very  high  (about  the  Chapman-Jouguet  (CJ)  deto¬ 
nation  velocity  1600-1800  m/s).  The  other  applies  a  concept  of  fuel  combustion 
in  repeatedly  generated  detonation  waves  traversing  the  combustion  chamber  [2]. 
In  this  concept,  there  are  no  principal  limitations  on  the  approach  stream  ve¬ 
locity.  The  thermal  efficiency  of  the  ramjet  cycle  with  such  a  repeated  (pulsed) 
process  will  evidently  depend  on  the  frequency  of  generation  of  detonation  waves. 
By  increasing  the  frequency,  the  thrust  generated  by  such  a  device  can  attain  the 
value  relevant  to  continuous  detonation  combustion  in  the  ramjet.  This  device, 
referred  to  as  a  pulsed  detonation  engine  (PDE),  is  the  primary  focus  of  the 
paper. 
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The  operational  ability  of  an  air-breathing  PDE,  to  a  large  extent,  is  de¬ 
pendent  on  the  fuel  used.  Various  requirements  of  a  PDE  fuel  include:  fast 
evaporation  of  liquid  fuel  and  mixing  with  air,  reliable  detonation  initiation  in 
the  fuel-air  mixture  (FAM)  at  relatively  short  distances  (1-2  m),  preventing  pre¬ 
mature  ignition  of  FAM  at  hot  surfaces  and  uncontrolled  auto-ignition  of  FAM 
due  to  mixing  with  residual  combustion  products,  and  ensuring  performance 
stability  under  variation  of  the  flight  Mach  number  and  altitude.  It  is  hardly 
possible  that  a  single  conventional  fuel  could  meet  the  above  requirements  within 
a  wide  range  of  PDE  operation  conditions  without  undertaking  special  measures. 

Following  the  ideas  of  [3,4],  the  dual-fuel  concept  is  evaluated  herein.  The 
concept  implies  that  the  liquid-fueled  air-breathing  propulsion  device  operates 
on  two  liquid  fuels  that  are  delivered  to  the  combustion  chamber  by  means  of 
controlled  distributed  injection  and  in  sHu  mixing  with  each  other  and  with 
air.  The  fuels  are  supposed  to  exhibit  essentially  different  reactivity  in  terms 
of  ignition  delays,  burning  rates  and  sensitivity  to  detonation.  The  dual-fuel 
concept  can  be  considered  as  the  alternative  to  the  PDE  with  a  predetonator,  as 
it  contains  one  combustion  chamber  and  does  not  require  a  strong  initiator.  As 
an  example  of  the  dual-fuel  system,  conventional  jet  propulsion  (JP)  kerosene 
and  hydrogen  peroxide  (HP)  are  considered. 


2  KEROSENE-HYDROGEN  PEROXIDE 

DUAL-FUEL  SYSTEM  AS  A  PROPELLANT 
FOR  ADVANCED  PROPULSION 


Jet  propulsion  kerosene  and  hydrogen  peroxide,  H2O2,  are  the  conventional  liquid 
fuels  in  aerospace  applications.  General  information  on  physical  and  chemical 
properties  of  JP  fuels  is  available  elsewhere  [5,  6].  Detailed  description  of  HP 
applications  in  various  types  of  propulsion  devices  can  be  found,  e.g.,  in  [7-9]. 
Given  below  is  the  brief  description  of  properties  of  these  two  substances. 

As  is  known,  JP  kerosene  can  be  considered  to  be  made  up  of  approximately 
79%  high  n-alkanes,  10%  cycloalkanes  an  11%  aromatics  [6].  Thus,  JP  kerosenes 
can  be  approximately  modeled  by  a  mixture  of  high  n-alkanes.  Density  of  JP 
kerosenes  varies  from  760  to  810  kg/m^  at  normal  atmospheric  conditions.  JP 
kerosenes  usually  exhibit  high  boiling  temperature  (above  450-500  K)  and  there¬ 
fore  have  low  vapor  pressure;  heat  of  combustion  is  about  43-44  MJ/kg. 

At  normal  conditions,  HP  is  a  liquid  with  density  1440  kg/m^  and  boiling 
temperature  of  423.3  K.  In  pure  HP,  47%  by  weight  of  the  substance  is  available 
as  oxygen.  This  oxygen  can  be  used  for  enhancing  combustion  of  JP  kerosene 
in  air.  In  addition,  HP  is  the  exothermically  decomposing  compound  with  a 
substantial  heat  release  (about  5.4  MJ/kg)  in  the  course  of  its  decomposition  to 
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water  and  oxygen.  HP  is  usually  applied  in  the  form  of  concentrated  aqueous  so¬ 
lutions.  In  the  absence  of  contaminating  catalysts  and  in  clean  containers  made 
of  noncatalytic  materials,  HP  is  known  to  be  a  stable  substance.  However,  the 
intrinsic  stability  of  HP  is  affected  by  various  impurities.  In  practice,  decom¬ 
position  of  HP  is  minimized  during  storage  or  use  by  the  addition  of  stabilizers 
counteracting  the  effect  of  catalytic  impurities  or  container  surfaces.  Highly 
concentrated  aqueous  solutions  of  HP  are  stabilized  by  sodium  stannate,  oxine, 
phosphates,  etc.  [7-9].  The  required  amount  of  stabilizers  is  very  small  (fractions 
or  units  of  ppm).  Containers  for  storage  and  transportation  of  concentrated  HP 
are  usually  made  of  high-purity  aluminum.  Teflon,  or  Pyrex  glass. 

HP  solutions  with  the  percentage  of  H2O2  less  than  95%-96%  do  not  sup¬ 
port  a  propagating  condensed- phase  detonation  at  normal  conditions,  even  with 
powerful  initiation  and  strong  confinement.  The  condensed-phase  detonation  ve¬ 
locity  in  aqueous  solutions  containing  96  to  100%  H2O2  is  about  6500  m/s  [8].  At 
atmospheric  pressure,  vapors  containing  26%vol.  or  more  HP  can  be  exploded 
by  a  spark,  by  contact  with  catalytically  active  materials  initially  at  room  tem¬ 
perature,  or  by  noncatalytic  materials  (like  aluminum)  that  are  at  temperatures 
of  about  420  K  and  higher  [8]. 


3  REACTIVITY  OF  KEROSENE-HYDROGEN 
PEROXIDE  BLENDS 

The  objective  of  this  particular  study  was  to  reveal  the  specific  features  of  the 
laminar  flame  in  heterogeneous  mixtures:  drops  of  hydrocarbon  fuel  (n-heptane) 
-f  HP  (vapor)  -}-  air  by  applying  the  spray  flame  model  [10]  with  the  overall 
kinetic  mechanism  presented  in  Table  1.  According  to  [10],  the  rate  of  fuel 
consumption  is  governed  by  the  relationship 

TT  T 

'^d  =  --^PdNdQY^dK  (1) 

where  pd  is  the  density  of  liquid  fuel,  Dd  is  the  fuel  drop  diameter,  Nd  =  NdoTo/T 
is  the  number  of  drops  per  unit  volume  (at  constant  pressure),  T  is  the  temper¬ 
ature,  K  is  the  drop  gasification  constant  in  the  Z)^-law,  index  0  denotes  initial 
conditions.  Relationship  (1)  is  assumed  to  represent  the  rate  of  reaction  1  in 
Table  1.  The  rates  of  gas-phase  reactions  2  to  7  in  Table  1  are  found  as 

w  =  kY[nj  (2) 

3 

where  k  =  AT^  exp{-E/RT)  is  the  reaction  rate  constant,  AT^  is  the  pre¬ 
exponential  factor,  m  is  the  temperature  exponent,  E  is  the  activation  energy, 
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Table  1  Overall  reaction  mechanism  for  n-heptane  (drops)  -  hydrogen  peroxide 


(vapor)  -  air  mixture 

Forward 

Reverse 

No. 

Reaction 

Q 

A 

m 

E 

A 

m 

E 

kcal/mol  mol,  1,  s 

kcal/mol  mol,  1, 

s  kcal  /  mol 

1 

C7H16  +  IIO2 

=  7CO  -|-  8H2O 

614 

Equation  (1) 

2 

H2  +  H2  •+•  O2 

•10‘^ 

=  H20+H20 

114 

7.0 

0.0 

21.0 

3 

CO  +  CO  +  O2 

•  10'^ 

=  C02  "j"  C02 

134 

8.5 

0.0 

21.0 

0.0 

4 

H2O  +  CO  =  H2  +  CO2 

10 

1.0 

■  10'^ 

0.0 

41.5 

3.1  •  10 

49.1 

5 

R  +  R  +  M  =  H2O  +  M 

109 

9.5 

•  10'^ 

-1.0 

0.0 

2.8.  10 

-2.0 

120.0 

6 

R  +  H2  +  H2  +  O2 

•10'‘ 

=  R  4"  R  d"  R  d"  H2O 

-4 

4.5 

0.0 

16.4 

7 

H2O2  =  R  +  R  +  0.502 

-92 

1.0 

•10'® 

0.0 

50.0 

Remark:  Reaction  6  is  treated  as  trimolecular,  i.e.,  wq  =  fc6njjnH2’^02  • 


Table  2  Predicted  laminar  flame  velocities  in  a  hybrid  mixture  containing  n-heptane 
drops  (50  in  diameter),  HP  vapor  and  air.  Initial  conditions:  To  =  293  K,  po  =1  bar 

Initial  content  of  H2O2,  %  vol.  0  1  2  5  10  20  35  50 

Initial  content  of  O2,  %  vol.  20.6  20.4  20.2  19.6  18.5  16.5  13.4  10.3 

Laminar  flame  velocity,  cm/s _ 19.2  19.7  19.8  21.4  23.7  28.5  47.0  83.2 


rij  is  the  molar  concentration  of  the  jth  species  and  R  is  the  gas  constant;  Q  in 
Table  1  denotes  the  heat  effect  of  the  corresponding  reaction. 

In  the  calculations,  the  mixtures  with  a  different  volumetric  content  of  HP 
vapor  were  used,  namely,  1%,  2%,  5%,  10%,  20%,  35%,  and  50%.  Stoichiomet¬ 
ric  n-heptane  (drops)  -  air  mixture  was  taken  as  a  reference  mixture.  In  the 
triple  mixtures  with  HP  vapor,  HP  was  assumed  to  replace  a  part  of  air.  All 
calculations  were  made  for  n-heptane  drops  50/im  in  diameter  at  po  =  1  bar  and 
To  =  293  K. 

Table  2  presents  the  predicted  values  of  the  laminar  flame  velocity  in  n- 
heptane  sprays  with  additives  of  HP  vapor.  The  flame  velocity  increases  with 
the  concentration  of  HP  vapor  in  the  mixture,  in  spite  of  the  fact  that  the  initial 
concentration  of  oxygen  in  the  mixture  decreases. 

At  initial  concentrations  of  HP  vapor  exceeding  20%,  the  concentration  of 
oxygen  behind  the  HP  decomposition  front  becomes  higher  than  in  the  unburned 
mixture.  This  implies  a  possibility  to  burn  excessively  fuel-rich  mixtures  and 
increase  the  energy  density  of  the  burning  material. 
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4  SENSITIVITY  OF  KEROSENE-HYDROGEN 

PEROXIDE  BLENDS  TO  PREMATURE  IGNITION 


In  [4],  detailed  chemical  kinetic  computations  were  performed  to  determine 
the  percentage  of  HP  in  zso-octane-HP-air  mixture  that  is  required  for  re¬ 
liable  operation  of  a  dual-fuel  PDE  in  terms  of  avoiding  premature  ignition 
at  hot  walls  of  a  detonation  chamber.  Table  3  shows  the  comparison  of  es¬ 
timated  percentages  of  HP  in  two  dual-fuel  compositions  (n-heptane-HP  and 
«5o-octane-HP)  that  meet  the  requirements  to  the  resistance  to  premature  ig¬ 
nition  in  a  PDE  at  various  flight  conditions  (flight  Mach  number  M  and  alti¬ 
tude  H). 

In  these  estimations,  the  following  simple  premature  ignition  criterion  was 
used.  It  was  assumed  that  the  premature  ignition  delay  of  fresh  fuel-air  mix¬ 
ture  should  exceed  the  duration  of  a  PDE  operation  cycle  (typically,  10  ms),  A 
characteristic  wall  temperature  was  taken  equal  to  800  K.  A  detailed  reaction 
mechanism  of  [11,  12]  for  Cy-Cs-hydro carbons  has  been  used. 

It  follows  from  Table  3,  that  addition  of  less  than  5.5%  HP  to  stoichiomet¬ 
ric  2so-octane-air  mixture  and  less  than  2%  HP  to  stoichiometric  n-heptane-air 
mixture  meets  the  PDE  operation  requirements.  Clearly,  in  terms  of  prema¬ 
ture  ignition,  the  required  amount  of  HP  may  conflict  with  the  amount  of  HP 
necessary  for  successful  detonation  initiation  by  a  relatively  weak  source.  Thus, 
special  measures  should  be  applied  to  enhance  the  resistance  of  the  dual-fuel-air 
mixture  to  premature  ignition. 


Table  3  Estimated  percentages  (vol.)  of  HP  in  the  stoichiometric 
2So-octane-HP-air  and  n-heptane-HP-air  mixtures  that  meet  the  re¬ 
quirements  to  the  resistance  to  premature  ignition  in  a  PDE  at  various 
flight  conditions  (flight  Mach  number  M  and  altitude  H) 


No. 

M 

H,  km 

*so-octane-H202-air 
[H2O2]  %vol. 

n-heptane-H2  02-air 
[H2O2]  %vol. 

1 

1.0 

0.0 

<7.5 

<  5.6 

2 

1.0 

3.0 

<  7.8 

<  6.1 

3 

1.0 

10.0 

<  9.2 

<  7.5 

4 

1.5 

0.0 

<  6.4 

<  4.4 

5 

1.5 

3.0 

<  7.0 

<  6.2 

6 

1.5 

10.0 

<  8.4 

<  6.8 

7 

2.0 

0.0 

<  5.5 

<  2.0 

8 

2.0 

3.0 

<  6.0 

<  3.8 

9 

2.0 

10.0 

<  7.4 

<  6.6 
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5  DETONABILITY  OF  KEROSENE-HYDROGEN 
PEROXIDE  BLENDS 

The  detonation  wave  propagating  in  the  premixed  reactive  gas  is  a  complex 
multifront  gasdynamic  structure  comprising  shock  and  rarefaction  waves,  con¬ 
tact  discontinuities  and  localized  reaction  zones.  The  governing  role  in  initiating 
and  propagation  of  the  detonation  wave  belongs  to  transverse  waves.  The  mo¬ 
tion  of  transverse  waves  is  periodic  and  results  in  the  ordered  structure  with  a 
characteristic  length  scale  a  usually  referred  to  cis  the  cell  size. 

When  the  cell  size  a  is  available,  one  can  estimate  the  most  important  pa¬ 
rameters  of  the  multifront  detonation  wave,  namely,  the  critical  diameter  of 
detonation  transition  from  a  tube  into  an  unconfined  volume,  d**,  limiting  tube 
diameter,  d,,  etc. 

In  addition,  if  the  cell  size  a  and  the  energy  Eq^  accumulated  by  the  gas  in 
the  vicinity  of  the  triple  point  (point  of  collision  of  transverse  waves)  are  known, 
it  is  possible  to  estimate  the  critical  initiation  energies  for  planar  {i/  =  1), 
cylindrical  {u  =  2),  and  spherical  {u  =  3)  detonation.  Besides,  based  on  the 
cell  size  a  one  can  estimate  the  overall  kinetic  data  for  the  heat  release  reaction 
in  the  detonation  front,  namely,  the  effective  activation  energy,  preexponential 
factor  and  the  effective  reaction  order, 

Detonability  of  JP  kerosene-HP  blends  and  the  corresponding  detonation 
parameters  were  evaluated  by  means  of  a  thermochemical  code  [13],  based  on 
the  thermochemical  data  of  the  substances  and  the  kinetic  mechanisms  of  their 
oxidation  in  air,  JP  kerosene  was  approximately  represented  as  a  blend  of  iso- 
octane  and  n-heptane.  Prior  to  the  calculations,  ignition  delay  of  the  dual-fuel 
JP  kerosene-HP  system  was  approximated  by  the  formula 

Aexp{E/RT) 

where  np,  no,  and  nj  are  the  molar  concentrations  of  fuel  (F),  oxidizer  (O),  and 
inert  additive  (I),  respectively,  and  ki  are  the  coefficients  (i  =  1,2,3). 

The  coefficients  A,  E,  ku  h,  h  in  Eq-  (3)  for  ignition  delay  of  a  dual-fuel 
JP  kerosene-HP  system  were  obtained  by  processing  the  adiabatic  ignition  delay 
calculations  based  on  the  reaction  mechanism  of  Cy-Cs-hydrocarbons  [11,  12]. 
The  reaction  mechanism  was  designed  for  temperatures  exceeding  550  K  and 
less  than  1250  K.  To  apply  the  mechanism  for  the  conditions  relevant  to  von 
Neumann  spike  in  the  detonation  waves,  it  was  properly  modified  and  validated 
against  experimental  data  for  auto-ignition  of  pure  compounds  (iso-octane,  n- 
heptane  and  HP)  in  oxygen  and  air.  The  ignition  delay  was  simply  defined  as  the 
time  taken  for  the  temperature  to  rise  from  the  initial  temperature  to  2000  K. 
Other  definitions  of  ignition  delay  provided  the  values  of  r  that  were  very  close 
to  the  values  given  by  such  a  definition. 
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As  a  result,  the  following  correlations  for  r  were  obtained  that  are  applicable 
to  the  conditions  of  von  Neumann  spike  in  fuel-air  detonations: 

(1)  for  250-octane-air  and  n-heptane-air  mixtures,  as  well  as  for  n-heptane-iso- 

octane-air  mixtures,  the  following  values  of  coefficients  A,  E,  ks  were 

used  in  Eq.  (3): 

A  =  5.4. 10“^^  s.  mol/1 
E  =  17.3kcal/mol 

ki  =  1.0 
k2-ks  =  0.0 

(2)  for  HP-air  mixtures: 

A  =  3.4. 10-^^  s.  mol/1 
E  =  18.6kcal/mol 
ki  =  1.0 
^2  =  ^3  =  0.0 


(3)  for  2so-octane-HP-air  and  n-heptane-HP~air  mixtures  with  the  overall  re¬ 
action  formula 

AFi  +  ^2^2  +  0  =  P 

the  alternative  relationship  for  the  ignition  delay  has  been  used: 


’’  “  (nr.  +  nrj*' 


(4) 


where  Fi  denotes  n-alkane  fuel,  F2  denotes  HP,  and  P  denotes  reaction 
products.  The  values  of  coefficients  A,  jE,  ^1,  k2,  ks  are  the  combinations  of 
those  listed  above.  Thus,  for  the  preexponential  factor  A  and  the  activation 
energy  E  in  Eq.  (4),  the  following  formulae  have  been  used: 


„  j^Pl/iPl+p2) j^02/((3l’h/32) 


Eil^i  -F  E2IS2 
Pi  +/?2 


where  values  Ai,  Ei  correspond  to  Fi  and  values  A2,  E2  correspond  to  F2. 


Figures  1  and  2  show  the  predicted  dependencies  of  the  most  important  det¬ 
onation  parameters  of  dual-fuel  n-heptane-HP-air  and  fso-octane-HP-air  deto¬ 
nations  on  the  molar  fraction  of  HP.  In  all  the  cases,  stoichiometric  n-alkane-air 
mixtures  are  considered,  i.e.,  addition  of  HP  does  not  violate  the  stoichiometry 


321 


HIGH-SPEED  DEFLAGRATION  fc  DETONATION 


Figure  1  Predicted  dependencies  of  the  detonation  velocity  (a),  the  temperature  of 
detonation  products  (6),  the  dimensionless  pressure  of  detonation  products  (c),  and  the 
detonation  cell  size  (d)  on  the  molar  fraction  of  HP  at  normal  conditions  for  the  dual¬ 
fuel  iso-octane-HP-air  mixture  (solid  curve)  and  n-heptane-HP-air  mixture  (dashed 
curve) 


of  the  n-alkane-air  mixture.  In  general,  the  behavior  of  n-heptane-based  and 
250-octane-based  mixtures  is  very  similar.  It  follows  from  Figs.  1  and  2  that 
increase  of  HP  molar  fraction  from  0  to  50%  results  in 

—  insignificant  increase  (2%-3%)  in  the  detonation  velocity  of  the  dual-fuel 
system  (Fig.  la); 
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—  nonmonotonous  variation  of  the  temperature  of  detonation  products 
(Fig.  16)  with  the  maximum  decrease  by  7%; 

—  increase  in  the  pressure  of  detonation  products  by  13%  (Fig.  Ic); 

—  11%  decrease  in  the  molecular  mass  of  detonation  products; 

—  considerable  decreasing  of 
the  detonation  cell  size 
(Fig.  Id)  and  critical  ini¬ 
tiation  energy  of  planar, 
cylindrical  and  spherical 
detonation  (Fig.  2). 

According  to  Fig.  2,  dual¬ 
fuel  n-alkane  -  5%  HP  -  air 
and  n-alkane  -  20%  HP  -  air 
mixtures  are  equivalent  to  the 
stoichiometric  ethylene-air  and 
hydrogen-air  mixtures,  respec¬ 
tively,  in  terms  of  the  criti¬ 
cal  initiation  energy  [14].  In 
view  of  it,  it  is  instructive  to 
consider  such  compositions  in 
more  detail.  As  an  example, 

Figs.  3  and  4  show  the  corre¬ 
sponding  dependencies  of  the 
most  important  detonation  pa¬ 
rameters  on  the  initial  temper¬ 
ature  and  pressure  for  the  iso¬ 
octane  -  20%  HP  -  air  mixture. 

Variation  of  initial  temperature  from  225  K  to  525  K  and  pressure  from  0.25  to 
10  bar  results  in  the  following  findings: 

—  detonation  velocity  of  the  dual-fuel  system  is  nearly  insensitive  to  initial 
temperature  and  pressure,  being  approximately  equal  to  1800-1850  m/s 
(Fig.  3a); 

—  temperature  of  detonation  products  increases  with  the  initial  temperature 
by  no  more  than  5%  and  with  initial  pressure  by  no  more  than  8%,  being 
approximately  equal  to  2750-2850  K  (Fig.  36); 

—  pressure  of  detonation  products  is  insensitive  to  the  initial  pressure  but 
decreases  significantly  (by  a  factor  of  2.5)  with  the  initial  temperature 
Fig.  3c); 


Figure  2  Predicted  dependencies  of  the  crit¬ 
ical  initiation  energies  for  planar  (Fi),  cylin¬ 
drical  (-F2),  and  spherical  (F3)  detonation  ini¬ 
tiation  on  the  molar  fraction  of  HP  at  normal 
conditions  for  the  dual-fuel  iso-octane-HP-air 
mixture  (solid  curve)  and  n-heptane-HP-air 
mixture  (dashed  curve) 
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Figure  3  Predicted  dependencies  of  the  detonation  velocity  (a),  temperature  (6), 
dimensionless  pressure  (c),  and  molecular  mass  (d)  of  detonation  products  on  the 
initial  temperature  To  for  the  dual-fuel  iso-octane  -  20%vol.  HP  -  air  mixture:  1  — 
Po  =  0.25  bar;  2  —  0.5;  3  —  1.0;  4  —  2.0;  5  —  5.0;  and  6  —  10.0  bar 


-  molecular  mass  of  detonation  products  is  nearly  insensitive  to  the  initial 
temperature  and  pressure  (Fig.  3d); 

-  detonation  cell  size  is  nearly  insensitive  to  the  initial  temperature,  but 
considerably  varies  with  the  initial  pressure  (Fig.  4a);  critical  initiation 
energies  are  insensitive  to  the  initial  temperature,  but  very  sensitive  to 
initial  pressure  (Fig.  Ab). 
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Figure  4  Predicted  dependencies  of  the  detonation  cell  size  (a)  and  critical  initiation 
energies  (6)  on  the  initial  pressure  Pq  at  initial  temperature  To  =  298  K  for  the  dual¬ 
fuel  iso-octane  -  20%  vol.  HP  -  air  mixture.  Ei  —  planar,  E2  —  cylindrical,  and  E3  — 
spherical  detonation  initiation 


6  DEFLAGRATION  AND  DETONATION 
PARAMETERS  OF  HETEROGENEOUS 
DUAL-FUEL  SYSTEMS 

Table  4  shows  the  predicted  detonation  parameters  for  gaseous  and  heteroge¬ 
neous  detonations  at  normal  initial  conditions.  Column  1  corresponds  to  det¬ 
onation  of  pure  HP  vapor.  Column  2  shows  the  corresponding  parameters  for 
detonation  of  fine  suspension  of  liquid  HP.  (Term  ‘fine’  is  attributed  to  droplets 
of  size  that  makes  possible  the  equilibrium  thermodynamic  analysis.)  Column  3 
is  relevant  to  gaseous  detonation  of  the  stoichiometric  iso-octane— air  mixture. 
Column  4  shows  the  detonation  parameters  for  fine  stoichiometric  suspension  of 
iso-octane  droplets  in  air.  Column  5  corresponds  to  the  parameters  of  gaseous 
detonation  of  dual-fuel  iso-octane  -  10%  HP  -  air  mixture,  while  column  6  cor¬ 
responds  to  the  case  when  HP  is  present  in  the  form  of  fine  droplets.  Columns  7 
and  8  correspond  to  the  detonation  of  equimolar  gaseous  mixture  of  HP  with  air 
and  equimolar  suspension  of  fine  HP  droplets  in  air,  respectively. 

Thermochemical  calculations  indicate  that  the  phase  state  of  fuel  is  important 
for  systems  with  high  fuel  concentration  c,  for  example,  for  pure  HP  (columns  1 
and  2,  c  =  1).  At  smaller  fuel  concentrations,  the  difference  in  the  parameters 
of  gaseous  and  heterogeneous  detonations  becomes  less  pronounced  (columns  5 
and  6,  c  =  0.5),  For  the  stoichiometric  iso-octane-air  mixture  with  C  ^  0.09  the 
difference  in  the  fuel  phase  state  has  almost  no  effect  (columns  3  and  4)  on  the 
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Table  4  Parameters  of  detonation  waves  in  gaseous  and  heterogeneous  mixtures  at 
normal  conditions.  Column  1:  gaseous  detonation  of  pure  (100%)  HP.  Column  2:  det¬ 
onation  of  fine  suspension  of  liquid  HP.  Column  3:  gaseous  detonation  of  the  stoichio¬ 
metric  iso-octane-air  mixture.  Column  4:  detonation  of  fine  stoichiometric  suspension 
of  iso-octane  droplets  in  air.  Column  5:  gaseous  detonation  of  dual-fuel  iso-octane  — 
10%  HP  -  air  mixture.  Column  6:  same  as  Column  5  but  HP  is  present  in  the  form 
of  fine  droplets.  Column  7:  detonation  of  equimolar  gaseous  mixture  of  HP  with  air. 
Column  8:  detonation  of  equimolar  suspension  of  HP  droplets  in  air 


1 

2 

3 

4 

5 

6 

7 

8 

J9o,  m/s 

1904 

1533 

1796 

1791 

1572 

1249 

1816 

1784 

P 

23.4 

14.9 

18.6 

18.5 

14.5 

9.2 

19.3 

18.6 

H,  g/mol 

22.5 

22.7 

27.9 

28 

25.1 

25.2 

27.3 

27.4 

T,  K 

2539 

1685 

2830 

2817 

1969 

1283 

2827 

2744 

Qg?  J/S 

172 

183 

132 

133 

97 

99 

140 

145 

P2 

45.9 

29.5 

34.5 

34.2 

28 

17.5 

36 

34.7 

T2,K 

1340 

1007 

1540 

1542 

1159 

862 

1521 

1489 

a,  mm 

1.3 

14.4 

156 

158 

15.3 

257 

17.6 

20,5 

r,  {IS 

0.09 

1 

15.3 

15.3 

1.2 

23.6 

1.6 

1.9 

El,  J/cm^ 

1.6 

10 

130 

129 

16 

165 

16 

17 

E2,  J/cm 

1 

67 

9460 

9240 

110 

17,700 

130 

165 

E3,  J 

11 

7320 

1.2  •  10' 

1.2-10^ 

21,400 

5.4  •  10^ 

20,500 

27,500 

Df,  m/s 

45.5 

— 

54.1 

— 

62,5 

— 

52.9 

— 

Remark:  Dq  is  the  Chapman— Jouguet  detonation  velocity,  p  —  Pd/Po  is  the  dimensionless 
pressure:  Mo  is  the  detonation  wave  Mach  number,  p  is  the  molecular  mass  of  combustion 
products,  T  is  the  temperature  of  detonation  products,  Qg  is  the  specific  heat  release  in 
the  detonation  wave,  p2  is  the  dimensionless  pressure  in  the  von  Neumann  spike,  T2  is  the 
temperature  in  the  von  Neumann  spike,  a  is  the  detonation  cell  size,  r  is  the  ignition  delay 
in  the  detonation  front,  Ei  is  the  critical  initiation  energy  of  planar  detonation,  E2  is  the 
critical  initiation  energy  of  cylindrical  detonation,  E3  is  the  critical  initiation  energy  of 
spherical  detonation,  Dj  is  the  Chapman- Jouguet  deflagration  velocity. 


detonation  parameters.  Nevertheless,  with  the  addition  of  10%  HP  the  effect  of 
heterogeneity  increases  (compare  columns  7  and  8).  It  is  anticipated  that  further 
increase  in  the  content  of  HP  will  make  more  pronounced  a  difference  between 
gaseous  and  heterogeneous  detonation  parameters. 


7  DETONABILITY  OF  A  DUAL-FUEL  SYSTEM 
BASED  ON  AQUEOUS  SOLUTIONS 
OF  HYDROGEN  PEROXIDE 


In  this  section,  further  evaluations  are  performed  dealing  with  the  use  of  aqueous 
solutions  of  HP  rather  than  pure  HP  in  the  dual-fuel  system  under  consideration. 
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The  motivation  for  such  a  study  is  based  on  the  fact  that  HP  is  commercially 
available  in  the  form  of  concentrated  aqueous  solutions.  Moreover,  as  a  fuel  (or 
oxidizer)  HP  is  more  attractive  as  the  aqueous  solution  due  to  a  lower  freezing 
point  as  compared  to  the  pure  HP, 

Detonability  in  air  of  two  dual-fuel  systems: 
i50-octane  -  20%  HP, 

80%(0.08i5o-C8Hi8  +  O2  +  3.76N2)  4-  20%(^H2O  +  (1  -  V’)H202)  (5) 

and 

fso-octane  -  60%  HP, 

40%(0.08zso-C8Hi8  +  O2  +  3.76N2)  +  60%(^H20  +  (1  -  V’)H202)  (6) 

containing  z5o-octane  and  HP  (as  aqueous  solution)  has  been  estimated  by  ap¬ 
plying  the  thermochemical  code  [13].  In  Eqs.  (5)  and  (6),  ^  is  the  molar  fraction 
of  water  in  the  aqueous  solution  of  HP.  Detonability  of  dual-fuel  compositions 
of  Eqs.  (5)  and  (6)  was  estimated  at  normal  ambient  conditions,  i.e.,  Po  =  1  bar 
and  To  =  298  K.  The  results  of  calculations  are  shown  in  Figs.  5  to  7, 

The  use  of  aqueous  solutions  of  HP  {tp  >  0)  results  in  decrease  of  the  detona¬ 
tion  velocity  (Fig.  5a),  temperature  and  pressure  of  detonation  products  (Figs.  56 
and  5  c),  molecular  mass  of  the  initial  mixture  and  detonation  products  (Fig.5d), 
chemical  energy  release,  temperature  and  pressure  in  the  induction  zone  of  the 
detonation  wave  as  compared  with  the  case  of  '0  —  0.  As  a  consequence,  the 
detonation  cell  size  (Fig.  6  a)  and  critical  initiation  energy  (Fig.  66)  increase  with 
0.  Addition  of  water  does  not  considerably  affect  the  detonation  parameters  if 
the  dual-fuel  system  with  low  percentage  of  HP  is  used. 

Solution  of  HP  with  water  can  entirely  eliminate  the  advantages  of  the  dual¬ 
fuel  concept  if  the  amount  of  water  is  rather  large.  For  example,  the  use  of 
10%  aqueous  solutions  of  HP  (i.e.,  10%  HP  -f  90%  water)  in  the  dual-fuel  sys¬ 
tem  iso-octane  -  20%  HP  results  in  the  critical  initiation  energy  exceeding  the 
value  characteristic  for  the  stoichiometric  iso-octane-air  mixture  (compare  the 
corresponding  curve  in  Fig.  66  with  the  dashed  line  ‘0%  H2O20-  Dashed  lines 
‘20%  H2O2’  and  ‘60%  H2O2’  in  Fig.  6  refer  to  the  detonation  cell  size  and 
critical  initiation  energy  for  the  corresponding  dual-fuel  systems  containing  no 
water. 

Clearly,  the  sensitivity  of  the  dual-fuel  system  to  water  content  in  terms  of 
all  detonation  parameters  (detonation  velocity,  temperature  and  pressure,  cell 
size,  critical  initiation  energy,  etc.)  is  less  for  systems  with  lower  amount  of  HP 
(compare  the  slopes  of  curves  in  Figs.  5  and  6  for  systems  25o-octane  -  20%  HP 
and  zso-octane  -  60%  HP). 

The  search  of  the  most  promising  compositions  of  the  fuel  system  JP  kero¬ 
sene  -  aqueous  solution  of  HP  should  be  based  on  considering  a  whole  set  of 
requirements.  For  example,  the  requirement  to  the  lowest  freezing  point  of  the 
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Figure  5  Detonation  velocity  (a),  temperature  (6),  pressure  (c),  and  molecular 
mass  (d)  of  detonation  products  as  a  function  of  the  molar  fraction  of  water  ^  in 
the  aqueous  solution  of  HP  for  dual-fuel  systems  iso-octane  -  20%  HP  (curve  J)  and 
iso-octane  -  60%  HP  (curve  2) 


fuel  implies  the  use  of  aqueous  solutions  of  HP  containing  38%  55%  (wt.)  wa 
ter  [8].  Under  these  conditions,  the  freezing  temperature  of  the  solution  is  as  low 
as  about  -  55  ""C.  At  water  content  20%,  the  freezing  temperature  increases  to 
about  -  25  ®C.  Thus,  a  compromise  between  the  requirements  to  fuel  detona- 
bility  and  freezing  point  should  be  found.  The  requirement  of  high  detonability 
implies  the  use  of  very  concentrated  solutions  of  HP,  e.g.,  90%-95%. 
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Figure  6  Detonation  cell  size  (a)  and  critical  initiation  energy  for  spherical  detona¬ 
tions  (6}  as  a  function  of  molar  fraction  of  water  it  in  the  aqueous  solution  of  HP  for 
dual-fuel  systems  iso-octane  -  20%  HP  (curves  1)  and  tso-octane  -  60%  HP  (curves  2) 
Horizontal  dashed  lines  ‘0%  H2O2,’  ‘20%  H2O2,’  and  ‘60%  H2O2’  correspond  to  the, 
cell  sizes  [a)  and  to  E3  (6)  in  the  corresponding  systems  with  ^  =  0 


8  EFFECT  OF  FUEL  BLENDING 
ON  THE  SPECIFIC  IMPULSE 

The  specific  impulse  is  one  of  the  most  important  parameters  in  the  performance 
analysis  of  propellants.  For  an  ideal  stationary  rocket  engine,  it  is  defined  as 
4p  =  Uef[/g,  where  g  is  the  acceleration  of  gravity  and  «eff  is  the  effective  exit 
velocity;  for  the  adapted  nozzle 


27  RqT 

7-1  /t 


l-(^ 

\P. 


(7-1)/t1  1  1/2 


where  7  is  the  ratio  of  specific  heats,  Rq  is  the  universal  gas  constant,  T  is  the 
combustion  temperature,  /x  is  the  molecular  mass  of  exhaust  gases,  is  the 
ambient  pressure,  and  P^  is  the  pressure  in  the  combustion  chamber.  Thus,  the 
specific  impulse  of  propellant  for  an  adapted  nozzle  can  be  evaluated  by  the 
formula: 


1  J  27  RqT 
?  1  7-1  fi 


(7-l)/7l  'I  1/2 
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The  specific  impulse  is  directly 
proportional  to  the  square  root  of 
the  chamber  temperature  and  in¬ 
versely  proportional  to  the  square 
root  of  the  mean  molecular  mass 
of  the  combustion  products,  so 
that  the  parameter  (r//i)^/^  is  a 
good  characteristics  for  comparing 
different  propellants.  This  param¬ 
eter  is  proportional  to  the  speed  of 
sound  in  the  combustion  products, 
Cf.  Another  consequence  of  Eq.  (7) 
is  that  7sp  is  higher  for  higher  com¬ 
bustion  pressure  Pc‘ 

In  view  of  the  importance  of  hp 
for  the  performance  of  propulsion 
devices,  a  set  of  thermodynamic 


Figure  7  The  predicted  dependence  of  the 
speed  of  sound  in  the  combustion  products  on 
the  molar  fraction  of  HP  in  n-heptane-HP- 
air  (shown  by  curves)  and  iso-octane~HP-air 
(shown  by  symbols)  mixtures  for  four  different 
combustion  modes;  (1)  constant-volume  com¬ 
bustion  (Vo  =  const),  (2)  constant-pressure 
combustion  (Po  =  Pa  =  const),  (3)  CJ  def¬ 
lagration,  and  (4)  CJ  detonation 


calculations  was  made  to 
evaluate  hp  for  various  fuel  blends 
at  different  combustion  modes. 
Four  characteristic  combustion 
modes  were  considered,  namely, 
(1)  constant-volume  combustion 
(Vo  "  const),  (2)  constant-pressure 
combustion  (Pq  —  Pa  ^  const), 


(3)  CJ  deflagration,  and  (4)  CJ 
detonation.  Figure  7  shows  the  results  of  calculations  for  the  rso-octane-HP 
blends  (shown  by  curves)  and  7r-heptane-HP  blends  (shown  by  symbols),  de¬ 
pending  on  the  molar  fraction  of  HP  in  the  blend,  ch^Oj-  In  terms  of  c;,  the 
highest  specific  impulse  is  attained  when  the  blends  are  detonated.  Deflagration 
provides  hp  that  is  about  15%  less  than  that  provided  by  detonation.  Constant- 
volume  and  constant-pressure  combustion  provide  hp  that  a.re  somewhat  be¬ 
tween  those  provided  by  detonation  and  deflagration.  A  positive  effect  of  HP 
addition  on  Isp  becomes  apparent  at  ch^o^  exceeding  0.1. 


9  CONCLUDING  REMARKS 

Jet  propulsion  kerosene  and  hydrogen  peroxide  were  found  to  be  promising  com¬ 
pounds  for  applications  in  advanced  propulsion  systems  such  as  PDE.  This  con¬ 
clusion  is  based  on  the  following  findings: 
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(1)  The  laminar  flame  velocity  in  suspensions  of  n-heptane  droplets  in  air  with 
addition  of  HP  vapor  increases  with  the  concentration  of  HP  vapor  in  the 
mixture.  Addition  of  HP  vapor  to  kerosene-air  mixture  allows  one  to  signifi¬ 
cantly  increase  the  energy  density  of  the  burning  material  due  to  increase  of 
the  amount  of  kerosene  required  for  complete  burnout  in  the  unit  volume. 

(2)  In  terms  of  premature  ignition,  the  required  amount  of  HP  in  a  fuel  blend 
may  conflict  with  the  amount  of  HP  necessary  for  successful  detonation 
initiation  by  a  relatively  weak  source.  Therefore  special  measures  should  be 
forseen  to  enhance  the  resistance  of  the  fuel  blend  to  premature  ignition. 

(3)  Detonability  of  blends  of  JP  kerosene  with  pure  HP  increases  significantly 
with  the  content  of  HP.  In  terms  of  the  critical  initiation  energy, 
the  kerosene-air  mixtures  with  5%  and  20%  of  HP  were  shown  to  be  equiva¬ 
lent  to  stoichiometric  ethylene-air  and  hydrogen-air  mixtures,  respectively. 

(4)  Detonation  parameters  (propagation  velocity,  pressure  and  temperature  of 
detonation  products,  etc.)  in  the  dual-fuel  system  have  been  shown  to  be 
nearly  insensitive  to  the  molar  fraction  of  HP  in  the  fuel  blend. 

(5)  Dynamic  parameters  (cell  size,  critical  initiation  energy,  etc.)  of  detonations 
in  the  dual-fuel  system  have  been  shown  to  be  nearly  insensitive  to  the  initial 
temperature  and  highly  sensitive  to  the  initial  pressure. 

(6)  Phase  state  of  fuel  (gaseous  or  liquid)  is  important  at  relatively  high  fuel 
concentrations  in  the  dual-fuel  system.  Detonation  cell  size  and  critical  ini¬ 
tiation  energy  in  the  stoichiometric  liquid-fueled  system  containing  10%  HP 
exceed  the  corresponding  values  for  the  gas-fueled  system  by  about  16%  and 
34%,  respectively. 

(7)  The  fuel  system  kerosene  -  aqueous  solution  of  HP  can  also  be  considered 
as  a  promising  dual-fuel  system  for  PDE  applications.  Detonability  of  the 
system  increases  when  “stronger”  aqueous  solutions  of  HP  are  applied  and 
larger  contents  of  HP  in  the  dual-fuel  system  are  used.  The  sensitivity  of 
detonation  parameters  to  water  content  is  less  for  fuel  compositions  with  low 
amount  of  HP  (less  than  about  20%  voL). 

(8)  Addition  of  HP  vapor  to  the  hydrocarbon-air  mixture  results  in  increase  of 
the  specific  impulse  7sp.  This  effect  becomes  apparent  at  molar  concentra¬ 
tions  of  HP  exceeding  10%. 
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MATHEMATICAL  MODEL  OF  A  SUPERSONIC 
PULSED  DETONATION  RAMJET  ENGINE 


V.G.  Alexandrov,  A.N.  Kraiko,  and  K.S.  Reent 


A  mathematical  model  of  a  new- type  supersonic  pulsed  detonation'  " 
ramjet  engine  (SPDRE)  is  suggested.  This  design  differs  from  Wpulsed 
detonation  engines  considered  earlier,  particularly,  in  that  it  has  no  pe¬ 
riodically  operating  ignition  source.  The  engine  needs  to  be  started 
only  once.  In  addition,  the  detonation  wave  in  SPDRE  propagates  in 
a  supersonic  flow  rather  than  in  a  quiescent  gas  or  subsonic  flow.  The 
pulsed  detonation  process  in  it  is  initiated  by  periodical  changes  in  fuel 
supply.  For  comparison  reasons,  stationary  alternatives  of  SPDRE  with 
subsonic  (RAMJET)  and  supersonic  (SCRAMJET)  burning  were  calcu¬ 
lated  within  the  framework  of  models  of  the  same  degree  of  idealization. 

In  typical  examples,  their  specific  impulses  are  slightly  greater  than  the 
specific  impulse  of  SPDRE,  but  the  local  characteristics  should  be  taken 
into  account.  In  spite  of  virtually  equal  stagnation  temperatures,  the 
flow  density,  and  therefore  heat  flux  to  the  walls  in  SCRAMJET  and 
RAMJET  are  much  higher  than  in  SPDRE.  The  flow  deceleration  de¬ 
gree  through  the  engine  length  also  differs  significantly.  In  a  typical 
example,  the  pressure  from  the  entrance  to  the  combustion  chamber  in¬ 
let  increases  by  a  factor  of  40  in  SPDRE,  160  in  SCRAMJET  and  1500 
in  RAMJET.  Thus,  because  of  the  negative  influence  of  viscosity,  which 
has  not  been  taken  into  account  in  all  mathematical  models,  the  ac¬ 
tual  specific  impulse  should  decrease  to  a  greater  extent  in  the  case  of 
SCRAMJET  and  RAMJET,  than  in  the  case  of  SPDRE. 


1  INTRODUCTION 

Since  the  end  of  the  80 ’s  in  different  countries,  basically  in  USA,  large  attention 
is  paid  to  theoretical  and  experimental  exploration  of  a  possibility  to  construct  a 
ramjet  engine  with  burning  a  fuel-air  mixture  in  propagating  detonation  waves. 
Papers  [1~13]  and  surveys  [14,  15]  provide  quite  complete  information  on  the 
obtained  results  and  available  designs  of  pulsed  detonation  engines  (PDE). 


333 


HIGH-SPEED  DEFLAGRATION  fc  DETONATION 


In  general,  there  exist  the  valved  and  valveless  types  of  PDE  engine  designs. 
In  a  valveless  PDE  [3],  special  attention  is  given  to  the  investigation  of  gasdy- 
namic  processes  governing  its  operation  cycle.  These  are:  filling  of  detonation 
chamber  with  air  and  fuel,  their  mixing,  detonation  initiation  by  periodically 
triggered  external  ignition,  propagation  of  the  detonation  wave  through  a  nonuni¬ 
form  gas  mixture,  propagation  of  the  shock  wave  reflected  from  the  '‘thrust  wall” 
through  combustion  products,  and  finally  exhaust  of  the  combustion  products 
from  the  detonation  chamber. 

A  six-chamber  valved  PDE  is  considered  in  [11].  Its  operating  principle  is 
based  on  periodic  opening  and  closing  of  chambers  two  at  a  time.  The  process 
undergoes  the  following  phases:  filling  the  chambers  with  air  and  fuel,  mixing, 
initiation  of  detonation  by  energy  deposition  near  one  of  the  chamber  ends  that 
is  currently  closed,  spreading  of  the  detonation  wave  to  the  left  or  to  the  right, 
its  reflection  (when  initiated  near  the  right-hand  end),  exit  from  the  chamber, 
and  exhaust  of  the  combustion  products  followed  by  pressure  release.  When  the 
entrance  valve  opens,  the  pressure  in  the  left-hand  part  of  the  chamber  should 
be  low  enough  to  provide  the  beginning  of  a  new  cycle.  All  the  chambers  are  fed 
with  air  through  a  common  inlet  and  the  combustion  products  exhaust  through 
a  common  nozzle.  The  greater  the  number  of  chambers  in  such  a  PDE  the  lower 
is  the  level  of  disturbances  in  its  inlet  and  nozzle.  Such  a  PDE  is  capable  of 
starting  to  operate  at  a  zero  flight  speed. 

Theoretical  predictions  of  the  performance  of  such  engines,  e.g.,  specific  im¬ 
pulse  /sp,  inevitably  rest  on  various  simplifying  assumptions  because  of  com¬ 
plexity  of  relevant  gasdynamic  processes.  Thus,  in  [13],  a  numerical  simulation 
of  the  nonstationary  process  in  a  single  detonation  chamber  of  a  valved  PDE 
with  an  attached  nozzle  assumes,  that  the  fuel  and  air  mix  ideally  and  instan¬ 
taneously,  and  the  detonation  initiation  is  simulated  by  setting  high  values  of 
pressure  and  temperature  in  some  part  of  the  chamber.  These  assumptions 
cannot  be  ignored  when  estimating  the  validity  of  the  obtained  /sp  values  of 
3500-4000  s.  Furthermore,  the  flow  inside  the  PDE  chamber  and  nozzle  are  con¬ 
sidered  in  [13]  without  regard  for  its  deceleration  in  the  inlet  to  deep  subsonic 
velocities. 

At  supersonic  flight  velocities  of  the  PDE-based  aircraft,  the  entropy  rise 
(drop  of  the  total  pressure)  in  a  shock  wave  alone  (i.e.,  without  taking  into 
account  other  less  essential  losses  related  to  the  boundary  layer  and  its  sepa¬ 
ration  in  the  course  of  supersonic  flow  deceleration)  will  significantly  decrease 
the  predicted  /gp  value.  This  decrease  progresses  as  the  flight  Mach  number  Mo 
increases.  Thus,  contrary  to  the  SPDRE  scheme,  the  PDE  schemes  of  [1-15] 
require  the  detonation  wave  to  propagate  either  through  a  virtually  stagnant 
mixture,  as  in  valved  engines,  or  through  a  mixture  flowing  at  a  subsonic  or 
nearly  sonic  velocity,  as  in  valveless  engines.  In  a  valveless  engine,  even  if  gas 
accelerates  to  a  supersonic  velocity  in  some  engine  section,  the  average  Mach 
number  in  the  chamber  is  much  lower  than  Mo- 
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2  BRIEF  DESCRIPTION 

OF  THE  MATHEMATICAL  MODELS 
OF  SPDRE,  SCRAMJET  AND  RAMJET 

The  mathematical  model  of  SPDRE  includes  (1)  the  ideal  (2D)  inlet  with  two 
shock  waves  of  equal  intensity  emanating  from  the  central-body  wedges  and 
a  shock  wave  resulting  from  reflection  of  the  first  two  shock  waves  from  the 
cowl  —  the  wall  element  parallel  to  the  oncoming  flow,  (2)  mixing  chamber,  and 
(3)  combustion  chamber.  Additional  deceleration  of  the  gas  to  a  preset  Mach 
number  M5  >  1  is  caused  by  wedge-pylons  used  for  fuel  supply.  Mixture  param¬ 
eters  at  the  exit  from  the  mixing  chamber  are  calculated  using  the  conservation 
laws  of  mass,  momentum  and  energy  and  experimental  data  on  the  base  press¬ 
ure  [16-18]. 

The  unsteady  flow  in  the  combustion  chamber  and  nozzle  is  calculated  by 
means  of  numerical  integration  of  one-dimensional  nonstationary  gasdynamic 
equations  with  explicitly  tracked  discontinuities  —  detonation  waves  and  con¬ 
tact  discontinuities  separating  the  zones  of  combustion  products  of  fuel-rich  and 
fuel-lean  mixtures.  The  tracking  procedures  are  based  on  the  preliminarily  cal¬ 
culated  detonation  Hugoniot  and  on  the  conservation  of  mixture  composition 
downstream  of  the  detonation  wave  in  Lagrangian  coordinates.  The  computa¬ 
tions  were  carried  out  using  a  monotonous  conservative  finite-difference  scheme 
of  the  second  order  accuracy.  This  scheme  is  further  improvement  of  the  orig¬ 
inal  scheme  proposed  by  Godunov  [19].  The  second  order  accuracy  is  achieved 
by  using  a  special  reconstruction  procedure  based  on  the  principle  of  the  mini¬ 
mum  derivative  or  increment  [20-23]  and  by  splitting  the  integration  step  into 
“predictor”  and  “corrector”  [24,  25]. 

Calculations  of  hydrogen-air  SPDRE  were  carried  out  with  the  aid  of  the 
thermodynamic  model  [26]  previously  used  to  study  a  flow  in  SCRAMJET  with 
stationary  supersonic  combustion  [27-29].  According  to  this  model,  the  chemical 
composition  of  combustion  products  depends  on  the  water-determined  combus¬ 
tion  efficiency  rj  and  equivalence  ratio  a.  In  SPDRE,  coefficient  rj  is  derived  from 
the  detonation  Hugoniot  corresponding  to  complete  thermodynamic  equilibrium. 
The  value  of  t]  is  assumed  to  be  frozen  downstream  of  the  detonation  wave.  The 
concentrations  of  other  chemical  components  in  the  flow  were  calculated  by  using 
the  equilibrium  relationships. 

The  mathematical  models  used  to  calculate  the  flow  in  stationary  alternatives 
of  SPDRE  (RAMJET  with  subsonic  burning  and  SCRAMJET  with  supersonic 
burning)  were  of  the  same  order  of  idealization  as  the  model  used  in  SPDRE 
calculations.  In  the  SCRAMJET  model,  the  flows  in  inlet,  pylons  and  mixing 
chamber  were  calculated  in  the  same  way  as  in  SPDRE.  The  total  deceleration 
degree  was  determined  from  the  condition  of  spontaneous  ignition  of  premixed 
fuel  and  air.  For  hydrogen-air  mixtures,  the  static  temperature  of  1100  K  re- 
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quired  for  autoignition  (according  to  [30-34])  was  adopted.  The  initial  portion 
of  the  combustion  chamber  (up  to  section  with  M  =  1)  was  assumed  to  be 
cylindrical  and  the  remaining  part  was  sonic  with  M  =  1. 

In  the  RAMJET  model,  the  supersonic  flow  initially  decelerates  to  a  preset 
Mach  number  M3  =  2.5  in  the  inlet  with  three  shock  waves  of  equal  intensity 
(in  terms  of  pressure).  Then  the  flow  decelerates  isentropically  (and  slightly  ac¬ 
celerates)  in  the  channel  of  variable  cross-section  area  to  the  other  preset  Mach 
number  M4  =  1.4.  Thereafter,  the  flow  decelerates  from  M4  to  M5  <  1  in  the 
terminal  normal  shock  wave  and,  finally,  decelerates  isentropically  to  Me  =  0.2 
in  the  expanding  channel  at  the  entrance  to  the  combustion  chamber.  Flow 
calculations  in  SCRAMJET  and  RAMJET  combustion  chambers  (in  RAMJET, 
a  combustion  chamber  of  constant  cross-section  was  assumed)  were  performed 
using  the  mass,  momentum  and  energy  conservation  equations  within  the  frame¬ 
work  of  the  same  thermodynamic  model  for  combustion  products.  These  equa¬ 
tions  were  used  in  calculating  the  detonation  Hugoniot.  The  stationary  flow  in 
nozzles  of  SCRAMJET  and  RAMJET  was  modeled  using  a  specially  calculated 
isentrope  of  partially  frozen  equilibrium  combustion  products  (frozen  only  in 
terms  of  r])  [35]. 


3  COMPARISON  OF  THRUST 

AND  LOCAL  CHARACTERISTICS 
OF  SPDRE,  SCRAMJET  AND  RAMJET 


Some  of  the  results  of  one  SPDRE  flow  calculation  are  presented  in  Table  1  and 
Fig.  1.  These  results  pertain  to  a  SPDRE  operation  in  flight  at  altitude  H  = 
25  km  and  Mach  number  Mo  =  6.5.  In  this  example,  the  fuel-rich  mixture  was 
represented  by  the  stochiometric  composition  (a  =  1)  and  fuel-lean  mixture  — 
by  pure  air  (a  =  00).  Table  1  shows  how  the  periodic  engine  operation  sets  in. 

The  first  column  represents  the 
number  of  periods  including  the 
Table  1  Onset  of  the  periodic  regime  of  f^rgt  period  after  the  start.  The 
SPDRE  operation  second  and  third  columns  show 


Period 

T 

Tf 

Jsp)  s 

Tign,  K 

1 

3.770 

2.971 

2956 

1212 

2 

3.605 

2.727 

3049 

1315 

3 

3.575 

2.698 

3051 

1331 

4 

3.560 

2.682 

3051 

1334 

5 

3.565 

2.687 

3051 

1334 

6 

3.573 

2.691 

3051 

1334 

the  total  nondimensional  cycle 
time,  r,  between  subsequent  ini¬ 
tiations  of  detonation  waves  and 
nondimensional  fuel  supply  time, 
ry ,  during  the  same  cycle,  respec¬ 
tively.  The  forth  column  rep¬ 
resents  the  specific  impulse  of 
the  engine,  Isp,  and  the  fifth  — 
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static  ignition  temperature,  Tlgn,  behind  the  shock  wave  directly  before  it  enters 
the  next  mixture  portion.  According  to  [31-34],  the  calculated  Tign  is  capable  of 
igniting  a  stochiometric  hydrogen-air  mixture. 

The  specific  impulse  was  determined  from  the  nozzle  thrust  R.  The  nozzle 
thrust  is  taken  equal  to  the  average,  over  the  period  r,  integral  of  pressure  force 
acting  on  the  nozzle  walls  parallel  to  the  oncoming  flow  velocity  vector.  The 
following  formula  has  been  used  for  thrust  calculation: 

T  Xf 

J  dt  J  p{x,t)F'dx  -  (Fj  -  Fo)po 

0  Xi 


where  t  is  the  time  elapsed  from  the  beginning  of  the  period;  x  is  the  coordinate 
directed  along  the  oncoming  flow  velocity  vector,  subscripts  0,  f,  and  /  denote 
the  inlet  entrance,  and  the  nozzle  entrance  and  exit,  respectively;  F  =  F{x)  is 
the  nozzle  cross-section  area;  F'  =  dF/dx;  and  p{x,t)  is  the  static  pressure  in 
the  nozzle.  During  the  calculations,  the  optimum  nozzle  expansion  ratio  and  the 
nozzle  exit  coordinate  were  assessed.  In  the  examples  given  below,  the  cross- 
section  area  i^(x)  increased 


linearly  with  Xj  Fj  was  as¬ 
sumed  large,  and  the  thrust 
was  determined  for  F  vary¬ 
ing  within  the  interval 
[i^i,  i^yj.  The  value  of  F  pro¬ 
viding  the  maximum  value 
of  R  was  taken  as  the  nozzle 
exit  cross-section  area.  In 
this  example,  F/  w  30. 

Figure  1  displays  the  pre¬ 
dicted  static  pressure  distri¬ 
butions  (solid  curves)  along 


the  detonation  chamber  and 


nozzle  at  four  time  instants 

during  one  period  of  engine  Figure  1  Predicted  evolution  of  static  pressure 
operation.  The  time  in  distribution  (solid  cu^es)  in  the  SPDRE  detonation 

1  .  i«  1  1  cnamber  and  nozzle.  Dashed  curve  shows  variation  of 

Fig.  1  IS  normalized  by  r.  the  cross-section  area  F  =  F(x) 

Condition  t  =  0  corresponds 


to  the  time  instant  when  the 


detonation  wave  goes  out.  To  normalize  a  distance,  the  total  length  of  the  com¬ 
bustion  chamber  and  nozzle  was  taken  as  a  length  scale.  The  pressure  distribu¬ 
tion  relevant  to  ^  =  0  corresponds  to  the  detonation  wave  directly  before  it  goes 
out  (instantaneous  within  the  used  model).  Two  subsequent  curves  (t  =  0.07 
and  0.26)  correspond  to  flow  with  a  shock  wave.  Pressure  distribution  at  <  =  0.52 
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pertains  to  the  detonation  wave  propagation  along  the  detonation  chamber.  In 
addition,  Fig.  1  shows  the  assumed  variation  of  the  cross-section  area,  F  =  F{x) 
(dashed  curve).  Except  shortly  after  the  engine  start,  the  detonation  wave  profile 
corresponds  to  the  Chapman-Jouguet  regime,  with  the  rarefaction  wave  attached 
to  the  detonation  front. 

For  the  sake  of  comparison,  parameters  of  hydrogen-air  SCRAM  JET  and 
RAMJET  were  calculated  for  the  same  values  of  H  and  Mo  by  using  the  mathe¬ 
matical  models  described  above.  The  specific  impulses  obtained  for  these  engines 
were  equal  to  3278  and  3570  s,  respectively.  These  values  exceed  the  predicted 
specific  impulse  of  SPDRE  equal  to  3051  s.  Moreover,  SPDRE  is  inferior  to 
SCRAMJET  and  RAMJET  in  terms  of  the  specific  thrust  Rsp-  Specific  thrust 
is  the  thrust  normalized  by  the  air  mass  flow  rate.  For  the  above-listed  engines 
the  values  of  Rsp  are  as  follows:  66.6,  92.4,  and  104  s.  However,  when  compar¬ 
ing  different  types  of  a  ramjet  engine,  not  only  specific  impulse  and  thrust  are 
important,  but  also  local  characteristics. 

Some  of  the  local  characteristics  calculated  for  SPDRE  are  listed  in  Table  2. 
Numbers  from  1  to  5(m)  in  the  first  column  of  Table  2  correspond  to  different 
engine  sections  upstream  of  the  detonation  chamber,  with  5,  5(f),  5(a),  and 
5(m)  denoting  air  parameters  between  pylons,  fuel  parameters  at  the  exit  of 

fuel  nozzles,  air  (in  the  absence  of 
fuel)  and  mixture  at  the  exit  cross- 
section  of  the  mixing  chamber,  re¬ 
spectively. 

Pylons  occupy  approximately 
0.129  of  the  chamber  cross-section 
area  at  section  number  5.  Num¬ 
bers  6(si)  and  6(se)  label  air  pa¬ 
rameters  behind  the  shock  wave 
in  air  just  before  it  enters  and  ig¬ 
nites  the  mixture  and  in  the  air 
behind  the  shock  wave  produced 
by  the  detonation  wave  that  just 
has  gone  out.  Finally,  numbers 
6(wi)  and  6(we)  mark  the  param¬ 
eters  of  combustion  products  be¬ 
hind  the  detonation  wave  just  af¬ 
ter  it  has  been  initiated  and  just 
after  it  has  gone  out,  respectively. 
The  last  column  of  Table  2  lists 


Table  2  Distribution  of  parameters  along 
SPDRE  path  length 


No, 

P 

T,  K 

M 

pV 

0 

0.0169 

222 

6.50 

1.00 

1 

0.0456 

302 

5.45 

1.93 

2 

0.1231 

409 

4.55 

3.74 

3 

0.5089 

632 

3.40 

9.26 

4 

0.5656 

650 

3.33 

9.90 

5 

0.6274 

669 

3.26 

10.6 

5(f) 

1.0178 

690 

1.50 

2.07 

5(a) 

0.5395 

662 

3.29 

9.23 

5(m) 

0.8471 

732 

2.66 

9.50 

6(si) 

4.1383 

1329 

1.32 

19.7 

6(se) 

4.0367 

1311 

1.08 

15.9 

6(wi) 

5.0745 

2925 

0.82 

8.70 

6  (we) 

5.2906 

2939 

0.78 

8.63 

the  mass  flow  rate  pV  for  the  stationary  flow  (first  nine  rows)  and  nonstationary 
flow  (last  four  rows).  The  mass  flow  rate  essentially  determines  heat  fluxes  from 
gas  to  the  engine  walls  and  other  elements.  In  SPDRE,  the  greatest  mass  flow 
rate  is  attained  not  behind  the  detonation  wave  in  the  fuel-rich  mixture,  i.e., 


338 


PULSED  DETONATION  ENGINES 


in  the  zone  with  the  highest  temperature,  but  behind  the  wave  in  the  fuel-lean 
mixture  (in  the  given  example  —  in  pure  air),  where  temperature  is  relatively 
low.  Behind  the  wave  in  the  fuel-rich  mixture,  the  mass  flow  rate  is  even  lower 
than  in  the  major  engine  part.  In  addition  to  local  parameters  listed  in  Table  2, 
the  values  of  combustion  efficiency  77  behind  the  detonation  wave  are  also  im¬ 
portant.  At  time  when  the  detonation  wave  is  just  initiated  and  at  time  when  it 
goes  out,  the  predicted  values  of  r]  are  r)i  =  0.822  and  r]e  =  0.818,  respectively. 

Local  characteristics  of  SCRAM  JET  and  RAMJET  are  summarized  in  Ta¬ 
bles  3  and  4  that  are  arranged  similar  to  Table  2.  The  numbers  from  0  to 
5(m)  listed  in  the  first  column  of  Table  3  have  the  same  meaning  as  in  Ta¬ 
ble  2.  The  only  difference  consists  in  the  absence  of  number  5(a)  because  fuel 
is  supplied  continuously.  It  can  be  seen  from  Table  3,  that  the  static  pressure 
in  SCRAM  JET  is  several  times  higher  than  in  SPDRE  along  the  entire  inlet 
path.  At  the  same  time,  the  maximum  static  pressure  in  the  combustion  cham¬ 
ber  of  SCRAMJET  exceeds  the  maximum  static  pressure  in  SPDRE  (behind 
the  detonation  wave)  only  by  a  factor  of  1.3.  The  pylon  cross-section  area  in 
section  5  is  0.057  of  the  cylindrical  chamber  cross-section.  The  combustion  ef¬ 
ficiency  at  the  exit  from  the  initial  cylindrical  part  of  the  combustion  chamber 
is  only  t]  =  0.137,  while  at  the  exit  from  the  combustion  chamber  (isobaric 
part)  it  attains  the  value  of  77  =  777  =  0.871.  At  the  same  time,  the  mass 
flow  rates  in  SCRAMJET  are  significantly  higher  than  in  SPDRE  along  the  en¬ 
gine  path  length.  For  example,  at  the  exit  from  the  combustion  chamber  of 
SCRAMJET,  the  mass  flow  rate  is  1.8  times  higher  than  behind  the  detonation 
wave  in  SPDRE  with  nearly  identical  stagnation  temperatures  of  combustion 
products. 


Table  3  Distribution  of  parameters 
along  the  SCRAMJET  path  length 


No. 

P 

T,  K 

M 

pV 

0 

0.0169 

222 

6.50 

1.00 

1 

0.0816 

384 

4.73 

2.66 

2 

0.3938 

635 

3.39 

7.10 

3 

2.4162 

1100 

2.00 

19.23 

4 

2.5469 

1114 

1.96 

19.74 

5 

2.6831 

1129 

1.93 

20.33 

5(f) 

4.8322 

690 

1,50 

9.83 

5(in) 

3.5794 

1100 

1.62 

19.74 

6 

7.0105 

1601 

1.00 

19.74 

7 

5.3325 

2805 

1.00 

11.56 

8 

0.0169 

824 

4.53 

0.321 

Table  4  Distribution  of  parameters 
along  the  RAMJET  path  length 


No. 

P 

T,  K 

M 

pV 

0 

0.0169 

222 

6.50 

1.00 

1 

0.0749 

369 

4.84 

2.56 

2 

0.3320 

592 

3.56 

6.53 

3 

1.4073 

871 

2.56 

16.22 

4 

9.028 

1383 

1.40 

44.60 

5 

18.958 

1664 

0.74 

44.60 

6(a) 

25.897 

1787 

0.20 

15.99 

6(f) 

25.897 

1000 

— 

— 

7 

25.480 

1573 

0.23 

16.47 

8 

24,044 

3065 

0.33 

16,47 

9 

0.0169 

629 

5.28 

0.43 
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Mass  flow  rates  in  RAMJET  (see  Table  4)  are  also  higher.  In  the  row  6(f) 
representing  the  parameters  at  the  exit  from  the  fuel  pylons,  the  Mach  number  is 
omitted  due  to  its  small  value.  The  hydrogen  stagnation  temperature  was  taken 
equal  to  1000  K  (the  same  for  all  the  considered  engines).  The  combustion 
efficiency  at  the  exit  from  the  combustion  chamber  of  RAMJET  was  rf  =  r)s  = 
0.847.  The  maximum  temperature  at  the  exit  from  the  cylindrical  combustion 
chamber  of  RAMJET  exceeds  the  maximum  temperature  in  SPDRE  only  by 
127  K,  and  in  SCRAMJET  —  260  K.  The  stagnation  temperature  in  RAMJET 
is  slightly  lower  and  the  flow  density  in  the  combustion  chamber  is  almost  the 
same  as  in  SCRAMJET.  The  ratio  of  the  path  length  to  the  pV  maximum  value 
in  RAMJET  to  the  appropriate  parameter  in  SPDRE  equals  to  2.3.  In  SPDRE, 
this  mass  flow  rate  is  attained  behind  the  shock  wave  for  the  time  less  than  0.2 
of  the  period  at  a  distance  less  than  0.25  of  the  total  length  of  the  detonation 
chamber  and  nozzle. 

When  comparing  specific  impulses  and  thrusts  of  SPDRE  and  its  station¬ 
ary  alternatives,  one  should  take  into  account  the  essentially  different  degree 
of  flow  deceleration  in  the  engines.  Whereas  in  SPDRE  the  air  flow  ahead  of 
the  combustion  chamber  is  decelerated  to  a  Mach  number  M5  —  3.26  and  the 
pressure  ratio  ps/po  =  37,  in  the  case  of  SCRAMJET  the  appropriate  values  are 
equal  to  1.93  and  159,  and  in  the  case  of  RAMJET  —  0.2  and  1533.  Clearly, 
in  SCRAMJET  and  RAMJET,  the  negative  influence  of  the  air  viscosity  and 
heat  conductivity,  which  has  not  been  taken  into  account  in  the  present  math¬ 
ematical  models,  will  be  greater  than  in  SPDRE.  Due  to  the  same  reason  it  is 
impossible  to  achieve  the  total  pressure  recovery  coefficient  a  =  p^e/p+o  =  0.42 
obtained  for  the  RAAf  JET.  Thus,  altho\igh  all  the  present  models  overestimate 
the  Jsp  and  R^p  values,  one  should  expect  a  greater  reduction  of  their  ideal 
values  for  SCRAMJET  and  RAMJET  than  for  SPDRE.  For  example,  decreas¬ 
ing  twice  the  above  a  value  reduces  Zgp  and  Rsp  of  RAMJET  to  3316  s  and 
96.3  s. 


4  CONCLUDING  REMARKS 

A  mathematical  model  of  a  new  scheme  of  Supersonic  Pulsed  Detonation  Ramjet 
Engine  has  been  developed.  The  pulsating  nonstationary  operation  process  in 
such  an  engine  is  initiated  by  a  periodic  variation  of  the  fuel  supply  regime,  and 
a  special  ignition  source  is  needed  only  to  start  the  engine.  The  non.stationary 
flow  in  a  cylindrical  detonation  chamber  and  nozzle  is  calculated  by  integrating 
one-dimen?  lonal  nonstation  ary  gasdynamic  equations  employing  a  monotonous 
finite-difference  scheme  of  the  second  order  accuracy  with  detonation  waves  and 
contact  discontinuities  tracked  explicitly.  Mathematical  models  of  RAMJET  and 
SCRAMJET  with  the  same  level  of  idealization  were  developed  to  directly  com- 


340 


PULSED  DETONATION  ENGINES 


pare  the  characteristics  of  SPDRE  and  its  stationary  alternatives  with  subsonic 
and  supersonic  combustion. 

The  calculations  for  hydrogen-air  ramjet  engines  demonstrate  the  advan¬ 
tages  of  using  SPDRE  in  aircrafts  flying  at  Mach  numbers  Mq  =  4.5-7.  In  spite 
of  comparatively  lower  values  of  specific  impulse  and  thrust  SPDRE  operation 
is  significantly  facilitated  by  a  smaller  degree  of  supersonic  flow  deceleration, 
and,  as  a  consequence,  by  smaller  heat  fluxes  to  the  walls  and  smaller  losses 
connected  with  gas  nonideality  (not  taken  into  account  in  the  present  mod¬ 
els). 

The  use  of  fuel-lean  mixtures  with  finite  a  in  SPDRE  makes  it  possible  to 
reduce  the  needed  level  of  preliminary  air  deceleration  and  to  further  diminish 
heat  fluxes  and  effects  of  flow  nonideality. 

The  SPDRE  scheme  and  the  art  of  SPDRE  operation  described  above  have 
been  patented  [36]. 
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The  Otto  cycle,  invented  by  Nicolas  Otto  in  1861,  has  been  utilized  in  engines 
since  1886.  He  built  the  first  practical  internal  combustion  engine  based  on  a 
four  stroke  (piston)  cycle.  The  Brayton  cycle  invented  by  George  Daily  Brayton 
in  1872,  however,  found  its  application  in  a  gas  turbine  engine  only  in  1930 
by  a  RAF  engineer  named  Frank  Whittle.  It  is  evident  that  the  utilization 
of  a  thermodynamic  cycle  or  a  process  into  a  practical  application  does  not 
necessarily  follow  the  invention.  Confined  detonation  waves  have  been  observed 
experimentally  over  a  century  ago  (Bertelot  and  Vieille  in  1881).  A  unified  theory 
of  this  supersonic  combustion  wave  was  formulated  by  Chapman  and  Jouguet 
(in  1899/1905)  giving  rise  to  the  CJ  velocity  (detonation  velocity).  However, 
application  of  this  mode  of  combustion  (rather  than  deflagrative  combustion) 
to  engines  has  not  occurred  even  in  the  next  century.  Following  the  Chapman- 
Jouguet  theory,  numerous  research  papers  have  been  published  on  detonation 
waves,  and  their  initiation  and  propagation.  In  the  1990s  several  research  and 
development  efforts  focused  on  the  application  of  detonation  phenomena  in  a 
repetitive  (pulsed)  mode  operating  on  a  constant-volume  Humphrey  cycle  to 
propulsion  engines  [1]. 

The  International  Colloquium  on  Advances  in  Experimentation  and  Compu¬ 
tation  of  Detonations,  held  in  St.  Petersburg,  Russia,  in  1998,  was  probably  the 
first  active  step  taken  to  promote  and  disseminate  the  awareness  of  the  practi¬ 
cal  applications  of  the  detonation  phenomena,  particularly  for  propulsion.  The 
contributions  of  scientists  from  all  over  the  world  in  the  form  of  a  Book  of  Ab¬ 
stracts  [2],  and  the  publication  of  selected  papers  [3]  constitute  a  summary  of 
the  state-of-the-art  in  detonation  science  and  applications.  The  colloquium  not 
only  served  as  a  podium  to  bring  these  scientists  together,  but  also  triggered  in¬ 
ternational  collaborations.  The  world-wide  interest  in  pulse  detonation  engines 
and  the  cooperative  efforts  followed  bear  testimony  to  the  contribution  made  by 
the  colloquium. 

The  International  Colloquium  on  Control  of  Detonation  Processes  is  a  natu¬ 
ral  follow-up  of  the  above-mentioned  endeavor  [4].  During  the  two  years  elapsed 
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between  these  colloquia,  significant  accomplishments  have  been  made  in  the  con¬ 
trol  of  the  detonation  process  tailored  for  practical  applications  such  as  engines 
in  propulsion  devices.  The  chapters  contained  in  this  volume  indicate  the  major 
steps  taken  in  this  direction. 


PANEL  DISCUSSION 


In  order  to  capitalize  on  the  collective  expertise  of  the  participants  and  to  explore 
the  potential  science  issues  in  realizing  a  PDE  a  panel  discussion  was  held.  It 
has  been  shown  that  it  is  difficult  to  detonate  a  gaseous  fuel  with  air  as  opposed 
to  with  oxygen  [5].  The  problem  of  direct  initiation  of  detonation  becomes  even 
more  difficult  where  liquid  hydrocarbons  are  used.  With  fuels  of  choice  such 
as  kerosene,  JP-10,  etc.,  a  predetonation  chamber  has  been  used  [6].  However, 
for  a  PDE  to  compete  with  turbojets  or  other  propulsion  engines,  the  advan¬ 
tages  claimed  {viz,  simplicity  and  compactness)  should  be  realized.  This  calls 
for  avoiding  predetonation  chambers  (or  at  least  use  a  short  chamber)  and  the 
ability  to  directly  induce  detonation.  Further,  the  energy  expended  to  initiate 
detonation  should  be  minimal  in  order  to  achieve  the  higher  efficiency  claimed 
in  PDE  using  the  Humphrey  constant-volume  cycle.  Hence  the  key  topic  cho.sen 
for  the  panel  discussion  was,  “What  should  he  done  to  detonate  a  liquid  fuel  - 
air  mixture  in  a  short  tube  with  a  weak  initiator?” 

Relevant  details  of  the  panel  and  the  discussions  that  ensued  are  given  below. 

Roy,  G.D.  (Office  of  Naval  Research,  Arlington,  VA,  USA),  and  Tsyga- 
nov,  S.  A.  (Russian  Foundcition  for  Basic  Research,  Moscow,  Russia)  served  as 
panel  moderators. 

The  panel  consisted  of  Borisov,  A.  A.  (N.  N.  Semenov  Insititute  of  Chemical 
Physics,  Moscow,  Russia),  Levin,  V.A.  (In.stitute  of  Mechanics,  Moscow  State 
University,  Russia),  Mitrofanov,  V.  V.  (M.A.  Lavrent’ev  Institute  of  Hydrody¬ 
namics,  Novosibirsk,  Russia),  Smirnov,  N.  N.  (Moscow  State  University,  Moscow, 
Rassia),  Netzer,  D.W.  (Naval  Postgraduate  School,  Monterey,  CA,  USA),  Fuji- 
war  a,  T.  (Nagoya  University,  Nagoya,  Japan),  Hayashi,  K.  A.  (Aoyama  Gakuin 
University,  Tokyo,  Japan),  Murray,  S.  (Defense  Research  Establishment,  Mon¬ 
treal,  Canada)  and  Desbordes,  D.  (University  of  Poitiers,  France). 

After  Roy’s  introductory  notes  regarding  the  significance  of  the  topic  to  be 
discussed  by  the  panel,  the  panel  deliberations  followed.  The  discussions  are 
presented  in  the  order  they  occurred  by  the  speakers  for  the  reader  to  have  a 
“feel”  about  the  discussions.* 


*The  author  has  tried  to  illustrate  the  pauel  procccditij^s,  as  occurred,  to  his  best  from  note.s 
hand- written  at  the  meeting. 
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Borisov;  The  main  issue  in  the  PDE  technology  is  the  way  in  which  det¬ 
onation  is  initiated.  Since  the  use  of  high-explosive  charges  is  not  feasible, 
one  has  to  look  for  efficient  approaches  to  reduce  the  DDT  length  and  time. 
One  of  the  key  examples  of  short-length-scale  detonation  onset  is  the  ‘knock¬ 
ing’  phenomenon  in  internal  combustion  engines.  Numerous  observations  in 
engines  indicate  that  detonation  can  arise  spontaneously  in  a  preconditioned 
portion  of  the  fuel-air  mixture  at  the  final  stage  of  the  combustion  process. 
Detonation  runaway  starts  from  ‘hot  spots’,  that  are  intrinsically  inherent  to 
reactive  systems,  and  an  established  detonation  wave  occurs  at  distances  of 
several  centimeters.  The  question  arises  how  one  can  purposefully  precondi¬ 
tion  the  reactive  mixture  to  detonate  it  reliably  and  repeatedly  at  short  dis¬ 
tances? 

Three  approaches  are  possible  to  control  the  predetonation  distance  and  time: 
chemical,  physical,  or  a  combination  of  the  two.  Our  experience  shows  that  the 
use  of  purely  chemical  forcing,  e.g.,  ignition-promoting  additives,  is  not  very 
efficient  in  this  respect.  An  example  of  a  purely  physical  approach  is  the  ap¬ 
plication  of  the  confinement  with  shock-focusing  elements  that  provide  multiple 
reflections  of  shock  waves.  From  my  point  of  view,  the  most  promising  approach 
is  associated  with  the  use  of  combined  forcing,  in  particular  by  means  of  flame 
jets.  Our  recent  findings  demonstrate  that  high-speed  injection  of  a  burning 
fuel-rich  material  with  dispersed  energetic  additives  into  the  tube  filled  with  air 
can  be  extremely  effective  in  obtaining  fuel-air  detonations  at  relatively  short 
distances  of  the  order  of  1  m. 

Fujiwara;  There  exist  several  approaches  to  shorten  the  DDT  distance  and 
time.  These  are:  (1)  Shchelkin  spiral,  (2)  collision  between  hot  jets,  (3)  injection 
of  active  radicals,  (4)  predetonators,  (5)  use  of  several  fuels  with  different  deto- 
nability,  as  shown  by  Frolov  ei  al  [7] .  All  of  these  approaches  were  demonstrated 
in  presentations  at  this  Colloquium  [4], 

Smirnov:  To  initiate  detonation  in  an  explosive  mixture  we  know  only  two 
possible  scenarios:  strong  and  mild  initiation.  Characteristic  for  strong  initia¬ 
tion  is  a  short  detonation  run-up  distance  and  very  high  initiation  energy.  A 
considerable  part  of  the  energy  is  consumed  by  auxiliary  phenomena  such  as: 
heat-up  of  explosion  products,  droplet  breakup  and  acceleration.  Mild  initia¬ 
tion  is  the  deflagration  to  detonation  transition.  Characteristic  for  this  process 
are  relatively  long  detonation  run-up  distances  but  much  smaller  energy  require¬ 
ments  as  compared  to  those  typical  for  strong  initiation.  Since  mild  initiation  is 
the  only  feasible  way  for  PDE  applications,  one  has  to  search  for  ways  of  DDT 
enhancement. 

In  my  presentation  at  the  Colloquium  I  have  demonstrated  [8]  the  significant 
effect  of  turbulizing  elements  on  the  reduction  of  the  DDT  length.  The  elements 
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comprise  several  expanding-contracting  chambers  mounted  on  the  path  of  the 
accelerating  flame.  The  arising  flame-jets  promote  fast  nearly  constant- volume 
explosions  in  the  chambers  and  contribute  to  a  DDT  process.  The  other  DDT 
enhancing  approach  is  to  preheat  the  reactive  mixture.  Our  experiments  demon¬ 
strate  that  both  the  predetonation  time  and  the  length  decrease  with  increase 
in  the  initial  temperature. 

Another  promising  approach  in  minimizing  the  initiation  energy  and  the  det¬ 
onation  run-up  distance  is  that  presented  at  this  Colloquium  by  Frolov  ei  al  [7]. 
Their  concept  relies  on  the  use  of  several  fuels  with  different  detonability  rather 
than  a  single  fuel.  Distributed  injection  of  the.se  fuels  in  the  air-breathing  PDF 
allows  one  to  initiate  detonation  in  the  readily  detonable  fuel  and  use  the  result¬ 
ing  detonation  wave  for  detonating  the  marginally  detonable  fuel.  The  principal 
difference  of  this  concept  from  the  predetonator  concept  is  that  detonation  is 
initiated  in  a  main  PDE  chamber  and  propagates  through  the  stratified  charge 
of  the  composite  fuel-air  mixture.  Also  important  is  that  the  fuel  candidates 
can  be  conventional  fuels  in  aerospace  applications. 

Murray:  One  of  the  readily  available  solutions  for  shortening  the  DDT  length 
is  the  use  of  predetonators.  A  detonation  wave  initiated  in  the  predetonator 
should  be  transmitted  to  the  main  (confined)  chamber  via  a  transmission  el¬ 
ement.  In  view  of  it,  several  issues  arise  dealing  with  the  evaluation  of  the 
critical  dimensions  of  the  transmission  element  (diameter  and  length),  as  well  as 
with  understanding  and  quantifying  the  effect  of  main  chamber  dimensions.  Our 
recent  experiments  indicate  that  the  shortest  predetonators  operating  with  stoi¬ 
chiometric  acetylene-air  and  acetylene  -  oxygen-enriched  air  premixtures  require 
lengths  of  1  and  0.75  m,  respectively.  Ethylene-air  and  propane-air  predetona¬ 
tors  require  the  lengths  of  2  m  and  longer,  respectively. 

To  reduce  the  DDT  length,  it  is  advisable  to  use  the  engine  heat  to  precon¬ 
dition  (reform)  the  fuel  along  with  applying  flame  jets  and  chemical  additives 
(fluorine,  nitrates,  etc.)  for  detonation  initiation. 


Hayashi:  One  important  element  in  DDT  studies  is  fuel.  The  DDT  length 
and  time  are  known  to  be  fuel  dependent,  therefore  it  is  instructive  to  have  as 
much  information  as  possible  on  the  relation  between  fuel  and  DDT.  This  will 
allow  one  to  optimize  the  selection  of  fuel.  Due  to  the  requirement  of  high  en¬ 
ergy  density,  the  pro.spective  PDE  fuels  are  liquid  compounds  (JP-10,  alcohol, 
heptane,  gasoline,  etc.).  As  JP-10  is  frequently  considered  as  the  most  desirable 
fuel  for  PDEs,  it  is  necessary  to  perform  a  comprehensive  study  on  JP-10  deto¬ 
nability  (DDT  distance,  critical  initiation  energy,  etc.).  Fundamental  studies  are 
needed  to  reveal  a  possibility  of  fast  prevaporization  of  fuel  to  improve  mixing 
with  oxidizer.  The  other  important  factor  in  PDE  studies  is  the  ignition  system. 
The  most  convenient  method  would  be  to  apply  conventional  spark  plugs  for 
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detonation  initiation.  In  view  of  it,  further  studies  are  required  on  the  effect  of 
the  controlled  ignition  energy  deposition. 


Netzer:  To  shorten  the  DDT  distance  in  actual  PDE  combustors,  there  are 
two  principal  possibilities.  The  first  relates  to  fuel  preconditioning,  and  the  sec¬ 
ond  to  the  ignition  source.  Fuel  preconditioning  can  be  performed  by  partial 
or  complete  fuel  prevaporization  or  pyrolysis.  The  former  can  be  implemented 
by  recuperating  heat  from  the  combustor.  The  latter  can  be  performed,  for 
example,  in  fuel-rich  preburners.  The  other  aspect  of  fuel  preconditioning  is 
superfine  atomization  of  fuel  sprays  to  obtain  droplets  1  to  5  pm  in  diameter. 
The  approaches  mentioned  above  can  be  combined  with  the  application  of  var¬ 
ious  fuel  additives  providing  droplet  microexplosion  (e.g.,  high-energy  strained 
hydrocarbons,  nitrates,  etc.)  and  enhancing  the  reactivity  of  the  composite  fuel. 
In  addition,  catalytic  decomposition  of  fuel  can  also  be  considered  as  a  pos¬ 
sible  approach  for  fuel  preconditioning.  When  applying  various  means  of  fuel 
preconditioning,  one  has  to  keep  in  mind  that  there  exists  a  set  of  strict  re¬ 
quirements:  processing  procedures  independent  of  flight  conditions;  safety,  cost, 
shelf  life,  and  material  compatibility;  limited  on-board  energy,  size  constraints, 
and  reliability;  effectiveness  of  catalysts;  low  sooting,  fine  atomization  and  stable 
performance. 

As  for  choosing  the  ignition  source  for  the  shortest  DDT,  one  has  to  properly 
combine  all  the  known  factors  leading  to  DDT  enhancement:  converging  flow, 
shock  wave  reflections  and  focusing,  colliding  supersonic  jets,  preburners  and 
predetonators. 


Mitrofanov:  The  fastest  way  to  initiate  detonation  is  to  generate  a  shock 
wave  with  the  Mach  number  close  to  the  Chapman-Jouguet  Mach  number  Mcj. 
To  initiate  such  a  shock  wave,  one  needs  a  large  amount  of  energy  that  will 
hardly  be  available  on-board  of  the  future  PDE-based  vehicle.  On  the  other 
hand,  to  decrease  the  amount  of  required  initiation  energy,  one  has  to  start  the 
initiation  process  from  combustion  and  force  the  DDT.  The  minimum  required 
volume  to  start  the  combustion  in  a  gaseous  reactive  mixture  is  the  detonation 
cell  size,  whereas  in  a  fuel  droplet  suspension,  the  minimum  required  size  is 
the  droplet  size.  Initially,  constant-volume  combustion  should  be  started  in  a 
single  or  several  ignition  sites.  The  DDT  process  can  be  facilitated  by  using  a 
tube  of  a  minimum  possible  size  (close  to  the  limiting  tube  diameter  d*)  and 
by  increasing  the  detonability  of  the  reactive  mixture  (e.g.,  by  means  of  various 
chemical  additives).  Application  of  ionizing  radiation  and  active  radicals  can 
contribute  to  shortening  the  DDT.  It  is  also  to  be  noted  that  the  DDT  process 
itself  and  the  mechanisms  of  DDT  enhancement  are  not  adequately  understood 
so  far. 
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Levin:  The  DDT  length  is  directly  related  to  the  ignition  induction  length  h  or 
the  ignition  delay  ti  of  the  reactive  mixture.  Thus  one  has  to  work  on  reducing 
the  ignition  delay  Ti.  One  possibility  not  mentioned  by  other  panelists,  is  the 
preliminary  excitation  of  oxygen  to  different  electronic  or  vibrational  states.  As 
shown  in  the  presentation  by  Starik  ei  al  [9]  the  value  of  can  be  reduced  by 
orders  of  magnitude.  This  seems  to  be  a  promising  approach  for  PDE  propulsion. 
Unfortunately,  no  experimental  validation  of  this  approach  has  been  done. 


Korobeinikov:  There  is  another  promising  approach  applicable  to  prospec¬ 
tive  PDEs.  I  mean  the  use  of  implosions  rather  than  explosions  for  detonation 
initiation.  In  my  presentation  [10],  I  have  demonstrated  that  a  strong  ring- 
shaped  discharge  produces  an  imploding  shock  wave  that  is  capable  of  initiating 
a  detonation  wave  in  the  reactive  gas. 


Fi-olov:  There  is  one  evident  limitation  in  our  discussion.  For  some  reason,  we 
always  talk  about  creating  detonation  by  means  of  a  single-shot  triggering  by 
an  external  energy  source:  either  the  high-explosive  charge  in  the  case  of  strong 
initiation,  or  a  spark  plug  in  the  case  of  weak  initiation  via  DDT. 

I  want  to  attract  the  attention  of  the  audience  to  one  important  issue  in  the 
detonation  phenomenon.  In  the  developed  detonation  wave,  the  chemical  en¬ 
ergy  deposition  is  strongly  coupled  with  the  leading  shock  wave  structure.  This 
coupling  ensures  stable  (on  the  average)  propagation  of  the  detonation.  The 
intensity  of  the  leading  shock  wave  is  such  that  it  induces  chemical  energy  depo¬ 
sition  at  a  certain  distance  that  is  appropriate  for  self-sustaining  propagation  of 
the  wave.  Thus,  the  standard  detonation  initiation  procedure  is  aimed  at  creat¬ 
ing  the  shock  wave  of  the  intensity  sufficient  for  thermal  initiation  of  activated 
explosive  reactions  with  proper  induction  times. 

Why  should  we  initiate  the  chemical  activity  in  the  mixture  by  the  shock 
wave?  Instead,  we  can  use  distributed  external  ignition  sources  to  couple  en¬ 
ergy  deposition  to  an  arbitrarily  weak  propagating  shock  wave  and  amplify  it  to 
the  condition,  when  further  external  ignition  is  no  longer  required.  If  we  suc¬ 
ceed  with  ignition  timing,  it  seems  to  be  the  shortest  possible  way  to  initiate 
detoncition  by  relatively  weak  igniters.  This  implication  means  that  we  have  to 
treat  detonation  as  a  resonant  phenomenon,  similar  to  many  other  phenomena 
in  mechanics. 


Vasil’ev:  I  would  like  to  inform  you  that  it  is  possible  to  design  DDT  accelera¬ 
tors  allowing  for  a  considerable  dec.rea.se  in  the  DDl  distance.  In  the  Lavrent’ev 
Institute  of  Hydrodynamics,  we  have  develoi)ed  the  DDT  accelerator  based  on 
a  tube  10  cm  in  diameter  and  a  standard  automobile  spark  plug  as  the  igniter. 
It  was  possible  to  initiate  detonation  of  methane-aii'  mixture  in  this  device  at 
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a  distance  less  that  2.5  m  (20-25  tube  diameters).  There  are  some  grounds  to 
believe  that  this  distance  can  be  decreased  even  more. 

Higgins:  I  want  to  add  laser-induced  detonation  to  the  list  of  possible  detona¬ 
tion  initiation  techniques.  May  I  ask  the  audience  a  question?  Why  do  we  need 
pulsed  detonations  for  attaining  better  performance? 

Cicarelly:  I  think,  we  do  not  need  detonation  at  all.  We  have  to  accelerate  the 
flame  to  such  velocities  that  the  ensuing  overpressure  will  provide  the  elevated 
thrust. 

Borisov:  My  opinion  is  that  transient  processes  can  be  much  more  efficient  in 
terms  of  thrust  than  the  Chapman-Jouguet  detonation. 

Roy:  At  this  stage  of  PDE  research  there  is  no  evident  reason  to  speak  in  favor 
of  the  Chapman-Jouguet  detonation  only.  The  CJ  detonation  is  just  a  good 
research  instrument  for  evaluating  the  concept.  Most  probably,  due  to  various 
factors,  the  prospective  PDE  could  operate  in  a  mode  between  CJ  detonations 
and  high-speed  deflagrations. 

Kopchenov:  I  would  like  to  say  that  the  Colloquium  was  very  interesting  from 
a  scientific  point  of  view.  We  have  learned  about  many  new  concepts  of  PDEs. 
At  the  same  time,  there  were  only  a  few  presentations  on  the  technical  demon¬ 
stration  of  the  concepts.  I  mean  the  presentations  by  Segal  ei  al  (inlet-PDE  in¬ 
tegration)  [11]  and  Desbordes  et  al.  (rocket  PDE;  PDE-nozzle  integration)  [12]. 
I  think,  before  further  development  of  these  concepts,  the  unambiguous  evidences 
of  the  advantages  and  drawbacks  of  PDEs  in  terms  of  performance  should  be 
obtained  with  demonstrators. 
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As  can  be  seen  from  the  above-mentioned  discussions,  the  topic  selected  has 
created  a  significant  exchange  of  ideas  among  the  research  community.  Certain 
questions  raised  in  the  discussions  warrant  some  further  clarifications  and  follow¬ 
up.  Let  me  give  my  opinion  to  these  questions,  not  necessarily  in  the  order  they 
have  been  raised. 

Higgins  raised  a  question,  “Why  do  we  need  pulsed  detonation  for  attaining 
better  performance?”  The  choice  of  pulse  detonation  engines  as  a  topic  for 
further  research  and  the  advantages  of  PDE  over  other  conventional  propulsion 
devices  presently  used  are  given  in  [1].  For  supersonic  propulsion,  PDE  seems 
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to  be  a  logical  choice  to  start  from  subsonic  to  supersonic  and  cruising  speeds, 
without  any  ejecting  boosters  as  in  competing  scramjet  engines  (to  bring  them 
to  ram  speed).  Better  system  performance,  though  not  demonstrated,  is  possible 
from  various  aspects.  It  has  been  shown  that  PDE  has  a  moderately  constant 
/sp  as  compared  to  turbojets  [13].  Further,  the  thrust  vectoring  without  external 
fins  (that  has  been  proposed  and  publicized  by  the  author)  can  be  applied  for 
multicycle,  multitube  PDE  using  both  the  frequency  and  order  of  firing  the  tubes 
as  two  parameters  for  control.  This  will  greatly  reduce  drag,  which  is  almost 
a  showstopper  at  increasing  Mach  numbers  (as  well  as  solve  the  survivability 
problems  of  external  fins). 

It  has  been  shown  earlier  [1],  with  regard  to  Cicarelly’s  question,  that  the 
attainment  of  CJ  pressures  in  a  PDE  does  not  bring  any  appreciable  improvement 
in  efficiency  as  compared  to  constant-volume  (Humphrey)  cycle  pressure.  CJ 
velocities  may  not  be  required,  and  a  high-speed  deflagration  process  can  also 
perform  well. 

A  focused  research  that  addresses  all  the  issues  of  PDE  the  author  is  aware 
of  is  the  one  sponsored  by  the  US  Office  of  Naval  Re.search  (ONR).  There  are 
several  industry-university-government  joint  development  efforts  in  place.  Some 
Technical  demonstrations’  (Kopchenov’s  comment)  that  have  been  made,  are  not 
published  in  open  literature  due  to  the  proprietary  information  contained.  How¬ 
ever,  research  is  focusing  on  applications  of  the  science  to  technology.  Projects 
like  Segal’s,  Netzer’s,  and  Hanson’s  [11,  14,  15]  will  provide  information  on  the 
design,  operation,  and  parametric  measurement  of  PDE  systems. 

The  performance  advantages  (Kopchenov’s  comment)  without  ambiguity  is 
also,  in  the  author’s  opinion,  a  victim  of  proprietary  information  protection.  Ev¬ 
ery  industry  trying  to  develop  or  sell  the  PDE  technology  has  used  their  own 
codes  with  a  multiplicity  of  initial  and  boundary  conditions  and  assumptions  to 
calculate  performance,  and  to  some  extent,  present  their  best  scenario.  From 
a  simple  change  in  how  the  detonation  products  are  relaxed  at  the  exit  plane, 
one  can  get  very  different  performance  factors  [16].  Indeed  an  unambiguous 
evidence  of  the  advantages  and  drawbacks  should  be  obtained  with  verifiable 
demonstrations.  ONR  program  with  international  participants,  addresses  per¬ 
formance  evaluation  with  various  computational  approaches  [16,  17]  and  bench¬ 
mark  experiments  [14,  18]. 

The  fuel  of  choice  in  several  applications  is  liquid  hydrocarbons,  JP-10  in 
particular.  Indeed  there  is  a  lack  of  information  on  chemical  kinetic  properties 
and  their  detonation  characteristics  (Hayashi’s  comment).  Steps  are  taken  to 
furnish  this  important  data  through  this  research  program  [19,  20],  to  those  who 
perform  component  and  system  analysis.  Then  only  an  unambiguous,  verifiable 
systems  performance  will  be  available,  and  prudent  defense  of  the  superiority  of 
PDE  for  appropriate  applications  will  be  possible.  Alternate  ignition  method¬ 
ologies  are  equally  important.  To  this  end,  utilization  of  laser-based  ignition, 
manipulation  of  the  vibrational  and  translational  modes,  ionization,  and  appli- 
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cation  of  nonthermal  plasma  initiation  [21]  are  to  be  further  investigated.  May 
be  this  partially  answers  Mitrofanov’s  comment. 

In  conclusion,  the  (Second)  International  Colloquium  on  Control  of  Deto¬ 
nations,  and  this  volume  are  giant  steps  in  disseminating  the  advances  made 
in  scientific  research  in  detonation  towards  the  realization  of  pulse  detonation 
engines.  As  for  PDE’s  promise  for  future  propulsion  systems  (not  as  a  replace¬ 
ment  of  present  engine  concepts,  but  as  an  alternate  candidate,  and  may  be  a 
preferred  one  for  certain  applications),  the  world-wide  interest  in  research  and 
development  of  PDE  and  the  increasing  number  of  sessions  on  PDE  in  technical 
conferences,  and  the  international  collaborations,  are  true  testimonies.  When 
the  question,  “How  successful  can  the  PDE  effort  be?”  was  asked,  the  answer 
given  by  the  author  (at  the  ICDERS  meeting,  Heidelberg,  Germany,  1999)  sums 
it  all! 


Detonations. . . 

If  detonation  is  our  present  quest’s  ultimate  destination, 

I  may  say,  with  some  confidence,  we  have  seen  the  horizon. 

But  if  detonations  are  to  drive  a  new  generation  of  engines, 

I  have  indeed  miles  and  miles  of  waters  to  sail  across. 

But  the  deep  water  seems  to  be  calmer  than  I  envisioned; 

Yes,  the  tides  are  high  and  unpredictable,  but  I  am  not  afraid. 
The  best  sailors,  trained  in  turbulent  waters,  are  on  board; 

Yet,  I  look  for  more  to  help  me  further  along  the  road. 

Detonation  is  a  new  frontier  to  me,  but  I  have  the  will  to  steer. 
And  if  you  have  the  willingness,  strength  and  desire  — 

Together  we  can  conquer,  capture  and  control  this  frontier. 

And  look  above  to  see  detonation-driven  engines  Hying  in  the  air! 
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ABOUT  THE  BOOK 

This  book  is  a  unique  collection  of  articles  on  fundamentals  and  control  of  high-speed  deflagrations  and 
detonations  written  by  international  experts,  and  comprises  of  the  following  three  parts: 

(1)  High-Speed  Deflagration:  Fundamentals  &  Control, 

(2)  Detonation:  Fundamentals  &  Control,  and 

(3)  Pulsed  Detonation  Engines. 

The  first  part  deals  mainly  with  various  aspects  of  deflagration  to  detonation  transition  in  gaseous  media 
and  describes  high-speed  transient  regimes  of  turbulent  combustion  that  are  intermediate  between 
detonation  and  slow  deflagration.  The  emphasis  is  made  on  control  of  the  predetonation  distance  under 
confined  and  partially  confined  configurations  by  means  of  obstructions,  chemical  sensitizers,  etc.  The 
second  part  includes  contributions  on  control  of  (direct  detonation  initiation  and  propagation  in  channels 
of  constant  or  variable  cross-section.  The  third  ^art  describes  applications  of  various  explosion  control 
techniques  to  pulsed  detonation  engines  (PDF).  New  concepts  of  PDE  dealing  with  ‘rotating"  detonations, 
repeated  in  situ  mixing  of  fuels  with  different  detonability,  periodically  reinitiated  detonations,  Jet-induced 
detonations  in  a  resonator  cavity,  etc.  are  discussed  in  detail  and  are  evaluated.  Comparative  studies  of 
combustion  efficiency  in  various  types  of  thrusters  and  propulsion  power  plants  are  also  reported  empha¬ 
sizing  the  performance  of  PDE.  The  book,  with  numerous  illustrations  and  an  extensive  list  of  up-to-date 
references,  is  a  compilation  of  the  most  promising  state-of-the-art  research  in  this  field  that  has  attracted 
significant  world-wide  attention  in  the  past  several  years. 

The  volume  is  addressed  to  scientists  and  practicing  research  engineers  working  In  the  field  of 
propulsion  and  power  engineering.  It  will  be  useful  as  an  advanced  graduate  level  text  for  courses 
In  deflagration,  detonation,  and  propulsion. 
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